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A B S T R A C T
New advanced combined cycle coal-fired power generation systems are dependent On 
improvements in gas turbine technology and the development of hot gas cleaning techniques. 
These techniques are not only necessary to meet environmentally accepted emission limits for 
SOx and NOx but also to prevent downstream equipment from corrosion and erosion. Volatile 
alkali vapours in the exhaust gases produced by either coal gasification or combustion lead 
to corrosion of the gas turbine blades resulting in reduced operating life. Consequently, alkali 
removal systems which can operate upstream of the gas turbine have been incorporated into 
the development of the clean coal technologies.
A number of studies on alkali removal systems have been performed in the temperature range 
of 800°C - 1000°C. Solid aluminosilicates, such as emathlite, activated bauxite, kaolinite and 
Fuller’s Earth, react with alkali vapours at high temperatures and therefore have been 
characterised as suitable alkali sorbents. Fuller's Earth was identified as potentially the most 
suitable sorbent for use in the UK at the specified operating temperatures. This material was 
studied in detail by McLaughlin (1990) for use in a fixed bed configuration within the British 
Coal Air-Blown Gasification Cycle.
Recently, it has been recognised that if ceramic filters are used for the removal of fine 
particulates, operating temperatures for alkali sorption will have to drop to 400°C-600°C, 
since these filters fail mechanically at higher temperatures. Much of the alkali will condense 
under these conditions and be removed by the filtration stages. However, the residual alkali 
levels may still exceed the revised turbine inlet specification of 24 ppb wt. Hence further 
studies of alkali sorption are required in this lower temperature region.
During this work, it proved difficult to obtain accurate results at temperatures as low as 
600°C, because of the low level of vapour phase alkali. However, experiments were 
performed successfully at 650°C and atmospheric pressure, on the fixed bed sorption rig used 
previously for tests at 827°C and 927°C. Tests comparing Fuller's Earth and kaolin, showed 
kaolin to have a higher sorption capacity at this temperature. Fixed bed tests with sodium and 
potassium were performed with Fuller's Earth pellets. The runs were of 200-600 hrs duration, 
with 4.58 ppm wt NaCl (1.8 ppm wt Na), 5 %vol H20  and up to 160 ppmv HCI in the inlet
ii
gas stream. Alkali uptake profiles were generated from chemical analysis of precise layers of 
pellets removed from the bed. Extensive modifications and improvements in analytical 
procedures enabled a closure of the mass balance of >99% to be achieved for a 600 hr run. 
Alkali exit levels measured using alumina wool filter pads in the exit gas were of the order 
of 5-6 ppb wt. Fuller's Earth pellets which had been pre-treated in gasifier gas and which were 
therefore contaminated with carbon, were tested and no difference was observed in their Na 
characteristics.
Element mapping techniques based on Scanning Electron Microscopy, confirmed that a 
shrinking core model for Fuller's Earth grains and kaolin pellets was appropriate. The 'two- 
reaction' mechanism proposed by McLaughlin (1990), was used to fit the experimental results 
at 650°C. Albite was identified by X-ray diffraction studies as the reaction product under 
high-acid conditions and nepheline under non-acid conditions. Exit gas analysis studies with 
an on-line monitor for HCI, showed the production of HCI to be directly connected with the 
presence of NaCl vapour and to increase significantly with the presence of water vapour in 
the system. However, the detailed reaction mechanism has not been identified yet.
The theoretical model developed for the high temperature studies (McLaughlin, 1990), using 
the pellet-grain model and the 'tank-in-series' method of solution has been applied successfully 
at 650°C. Parameters were extracted by curve fitting theoretical to experimental Na uptake 
concentration bed profiles. To test the numerical methods and the Szekely assumptions used 
in the McLaughlin program, two new computer programs were developed. The first, tested 
the pellet-grain model for a single pellet and the second was developed to solve the model 
more rigorously with a variable-order, variable-time-step numerical method. The new fixed 
bed model also incorporates the effects of temperature and pressure on selected parameters. 
It was used to predict the performance of a full-scale unit operating at 650°C and 24 bara. 
The results indicate that a bed of Fuller's Earth pellets, 3-10 mm in diameter, 4 m long and 
4 m wide can achieve exit alkali levels below 20 ppb wt in continuous operation for up to 
24,000 hrs.
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CHAPTER 1
INTRODUCTION
:
1.1 COAL - AN IMPORTANT ENERGY RESOURCE
Coal is one of the world's most important and abundant fossil fuels. It accounts for 
approximately 30% of all the energy currently being used worldwide, the balance comprising 
oil, natural gas, nuclear and renewable energy sources (Figure 1.1). Only oil provides a 
greater share of world energy requirements than coal. However, two-thirds of the world's oil 
and gas reserves are located in the Middle East, former USSR and Africa, while the 
geographical occurence and production of coal is much more widespread (Figure 1.2). It is 
present in every continent and occurs in significant or potentially significant quantities in at 
least 60 countries. Even for countries with no fossil fuel, imported coal is inherently more 
secure than imported oil or gas, because of its much wider supply base. Although there was 
a progressive switching of the energy and chemical industries to natural gas, due to high 
efficiencies, low investments and minimum impact on the environment, this growing 
overdependence on one energy source, which is concentrated in regions that are politically 
unstable (Biggs, 1995), is not a desirable long term strategy. Besides, at the end of 1990, 
proven world resources of coal, were estimated to be sufficient for more than 200 years at 
1990 production rates (IEA, 1993). These reserves are signicantly greater than those for oil 
and natural gas (Figure 1.3).
The International Energy Agency (IEA), an autonomous body within the framework of the 
Organisation for Economic Co-operation and Development (OECD), is responsible for a 
comprehensive programme of energy co-operation among IEA participating countries to 
reduce excessive dependence on oil through energy conservation, development of alternative 
energy sources and energy research and development.
About one fourth of all energy used in the United States is derived from coal. The largest 
portion (86%) of that coal is used for electricity generation (Chriswell et al, 1995). In UK,
1
Figure 1.1 : World energy use, 1990 (IEA, 1993).
Former
w m m
to America 25%
Figure 1.2 : World coal and oil reserves (IEA, 1993)
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Coal
Figure 1.3 : Reserves/production ratio of coal a n d  other fossil fuels w o r l d w i d e  at 19 9 0
(IEA, 1993)
coal-fired p o w e r  generation accounts for about 5 1 %  of the fuel used in electricity generation 
(Digest of United K i n g d o m ,  1994). W o r l d - w i d e  d e m a n d  for electricity is forecast to g r o w  at 
a considerable rate as the less d e ve lo pe d countries industrialise (Daniel, 1991). Fo r example, 
according to the long term plan of Korea's electric p o w e r  requirement, total a m o u n t  of 
electricity is expected to be m o r e  than do ub le d f r o m  1 9 9 2  to 2006. C o a l  usage in the electric 
p o w e r  generation sector in K o r e a  has be e n  planned to steadily increase f r o m  1 1 %  in 1 9 9 2  to 
2 0 . 2 %  a n d  2 8 . 3 %  in 1995 a n d  2006, respectively ( Y u n  et al, 1995).
1.2 ADVANCED CLEAN COAL TECHNOLOGIES
O v e r  m a n y  years, the m o s t  frequently used technology for the production of electricity f r o m  
coal w a s  pulverised fuel (pf)-fired boilers with a conventional steam cycle. Considering that 
the average operating thermal efficiency of the coal-fired p o w e r  plants is approximately 3 3 % ,  
with the best plants achieving 4 0 % ,  an increase of this efficiecy towards 5 0 %  b y  the use of 
m o d e m  high efficiency systems can significantly reduce the coal c o n s u m p t i o n  per year while 
mantaining the s a m e  electric p o w e r  output ( Q u i m b y  et al, 1995).
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T h e  c o m b u s t i o n  of a n y  fossil fuel gives rise to emissions of gases, solids a n d  liquids. C o n c e r n  
over the environmental consequences of fossil fuel c o m b u s t i o n  has en co ur ag ed m a n y  of the 
m o r e  de veloped countries to i m p o s e  national or plant-specific limits o n  the emissions 
associated with coal use; primarily dust, sulphur dioxide ( S 0 2) a n d  oxides of nitrogen ( N O x). 
Pressure has b e e n  increasing for international limitation ag re em en ts for acid rain emissions 
( S 0 2 a n d  N O x), a n d  also for carbon dioxide ( C 0 2) because of its association with the 
greenhouse effect. A p pr ox im at el y 7 0 %  of S 0 2 emissions a n d  3 0 %  of N O x emissions c o m e  
f r o m  p o w e r  generation ( D o E ,  1994; A R I C ,  1995). R e c e n t  calculations suggest that carbon 
dioxide emissions f r o m  the coal, account for b e t w e e n  1 7 %  a n d  2 3 %  of the m a n - m a d e  
greenhouse effect. A m m o n i a  also creates a p r o b l e m  because if unabated, it can b e  converted 
into high levels of N O x under certain conditions a n d  thus contribute to the increase of nitrogen 
oxides' emissions. Trace metals in coal ( < 1 0 0  p p m  wt) (Raask, 1985) such as barium, 
beryllium, c h ro me , lead, cobalt, strontium, c e s i u m  a n d  u r a n i u m  m a y  also b e  vaporised a n d  
subsequently emitted to the atmosphere with the coal exhaust gases. M a n y  of these metals are 
k n o w n  to b e  harmful to h u m a n s  an d  animals. G r o w t h  in total coal c o n s u m p t i o n  in the long 
term, could therefore produce significant environmental p r o b l e m s  if only conventional, 
inefficient a n d  outdated p o w e r  generation technologies are e m pl oy ed .
T o  m e e t  the emission restrictions, modifications to the existing conventional plants, such as 
retrofitting of l o w  N O x burners a n d  introduction of flue gas desulphurisation ( F G D )  
equipment, w e r e  necessary (Figure 1.4). T h e s e  modifications lead to increases in the capital 
a n d  operating costs, with loss in cycle efficiency w h e n  F G D  is fitted, because large quantities 
of electric p o w e r  are c o n s u m e d  for flue gas scrubbing d u e  to the very large v o l u m e s  of the 
exhaust gas ( M i n c h e n e r  a n d  Fa nt om , 1993). T h e s e  effects h a v e  increased the n e e d  for 
alternative coal-fired p o w e r  generation systems. T h e s e  clean coal technologies are at the 
forefront of energy research a n d  development, because their successful application will ensure 
that coal can continue to play a significant role in me et in g the world's energy requirements 
into the 2 1 st century.
T h e  m a i n  criteria for a d v a n c e d  coal-fired technology h a v e  b e e n  identified as :
■  H i g h e r  efficiency;
4
h  C o m p l i a n c e  with environmental standards;
■  M i n i m u m  investment a n d  operating cost.
Steam
generator
Figure 1.4 : Typical coal-fired p o w e r  station with flue gas desulphurisation
1.3 DEVELOPMENT OF ADVANCED CLEAN COAL TECHNOLOGIES
T h e r e  are several types of a d v a n c e d  coal technologies, based o n  coal c o m b u s t i o n  and/or 
gasification, that are currently approaching commercialisation or the a d v a n c e d  demonstration 
stage, whilst others are little m o r e  than theoretical concepts.
Fluidised b e d  technology has be e n  extensively used b y  these clean coal p o w e r  schemes, 
because it offers a n u m b e r  of advantages over conventional systems
■  the temperature w i n d o w ,  ar ou nd 9 0 0 ° C ,  at w h i c h  the fluidised b e d  operates, greatly
reduces the likelihood of N O x production a n d  it is b e l o w  the temperature at w h i c h  ash 
melts to f o r m  slag
h  sulphur emissions released during coal c o m b u s t i o n  or gasification can b e  reduced
significantly b y  the addition of limestone in the fluidised b e d
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■  the b e d  has a substantial thermal capacity a n d  this allows a variety of fuels to b e  
burnt, including those with a high u n w a n t e d  mineral matter or moisture content
A d v a n c e d  clean coal technologies based o n  coal c o m b u s t i o n  using fluidised beds are divided 
into t w o  categories; A t m o s p h e r i c  Circulating ( A C F B C )  a n d  Pressurised ( P F B C )  Fluidised B e d  
C o m b us to rs . In the A C F B C ,  steam is p r o d u c e d  f r o m  the heat recovered f r o m  the c o m b u s t o r  
exhaust gas, w h e r e a s  in P F B C  the exhaust gas is also us ed to drive a gas turbine. This s c h e m e  
c o m b i n e s  the high temperature operation of the gas turbine with g o o d  heat recovery for the 
operation of the st ea m turbine. Fluidised b e d  coal gasification is used in the so-called 
Integrated Gasification C o m b i n e d  C y c l e  Systems, deve lo pe d in recent years in an effort to 
significantly increase p o w e r  generation efficiency. S u c h  C o m b i n e d  C y cl e S y s t e m s  already 
operate with natural gas a n d  can already achieve efficiencies in excess of 4 5 % .  Coal gas can 
b e  us ed in these systems in place of natural gas. Opportunities also exist for developing 
c o m b i n e d  cycle designs w h i c h  use coal in only part of the system. T h es e systems that 
c o m b i n e  both natural gas a n d  coal c o m b u s t i o n  offer considerable potential a n d  are usually 
designed so that the gas turbine exhaust, f r o m  burning natural gas, provides pre-heated air for 
coal c o m b u s t i o n  in the s t ea m turbine cycle. S u c h  systems are particularly appropriate w h e r e  
it is not yet economically attractive to use coal-derived gas a n d  w h e r e  natural gas is available 
but is costly or limited in supply. A  plant of this type has b e e n  in operation in G e r m a n y  for 
several years (IEA, 1993). A  further i m p r o v e m e n t ,  w h e r e  the best features of coal gasification 
a n d  c o m b u s t i o n  are c o m b i n e d  in o n e  system, are the H y b r i d  C o m b i n e d  Cycles. In these 
schemes, the gases p r o d u c e d  b y  the pressurised fluidised b e d  gasification of coal drive a gas 
turbine for the production of electricity a n d  the unburnt coal f r o m  the gasifier can b e  u s e d  in 
a separate atmospheric circulating fluidised b e d  c o m b u s t i o n  unit to pr od uc e heat for the s t ea m 
turbine.
1.3.1 Atmospheric Circulating Fluidised Bed Combustion (ACFBC)
In a A C F B C  s y st em (Figure 1.5), the coal is b u r n e d  in a fluidised bed, w h e r e  air a n d  
limestone, for sulphur retention, are introduced at the base of the bed. C o m b u s t i o n  air, at a 
temperature of ~ 9 0 0 ° C ,  carries a w a y  the solids into a high efficiency cyclone. T h e  solids
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collected there are recycled to the c o m b u s t o r  via an external l o w  velocity fluidised b e d  heat 
exchanger. T h e  partially cleaned gas is cooled in a convective boiler, w h e r e  heat recovery is 
obtained for the st ea m cycle. T h e  cooled flue gas is filtered before being discharged to the 
atmosphere. A s  with conventional p o w e r  plants, the thermal efficiency of the atmospheric 
circulating F B C s ,  w h e n  us ed for p o w e r  generation, is a function of the st ea m cycle, under best 
conditions reaching 4 0 % .
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Figure 1.5 : P o w e r  generation using A t m o s p h e r i c  Circulating Fluidised B e d  C o m b u s t i o n
( M i n c h e n e r  a n d  F a nt om , 1993).
B y  1991, a n u m b e r  of plants w e r e  in operation in bo th E u r o p e  ( G e r m a n y ,  France, S w e d e n )  
a n d  N o r t h  A m e r i c a  (Canada). In the U K  at present, there are t w o  A C F B C  plants operating 
o n  a  c o m m e r c i a l  basis to produce steam for industrial use. T h e  first is at ICI D u m f r i e s  an d  
the s e c o n d  o n e  is at Caledonian Paper pic in Scotland. W i t h  the support of the United States 
D e p a r t m e n t  of E n e r g y  ( U S D o E )  and the M o r g a n t o w n  E n e r g y  T e c h n o l o g y  Center ( M E T C )  in 
1994, D O N L E E  Technologies Inc. p e r f o r m e d  a test at its pilot C F B C ,  w h i c h  a i m e d  to the use
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of a lo we r cost C F B C  in re mo te areas, w h e r e  d e m a n d  for heating a n d  electric p o w e r  has 
steadily increased a n d  the use of locally available fuel to achieve self-sufficiency has b e c o m e  
an important objective (Stuart et al, 1995).
1.3.2 Pressurised Fluidised Bed Combustion (PFBC)
T h e  m o r e  a d v a n c e d  design of P F B C s  encloses the entire b e d  a n d  cyclone system within a 
pressurised vessel. Operating temperatures are similar to those maintained in the atmospheric 
systems. P F B C s  offer t w o  distinct advantages c o m p a r e d  with atmospheric systems :
■  the potential for c o m b i n e d  cycle application
a  a  smaller unit size
B e c a u s e  the sy st em operates under pressure, a P F B C  unit ca n b e  physically substantially 
smaller than an atmospheric F B C .  H o w e v e r ,  because the heat transfer tubes are i m m e r s e d  
within the bed, the extent of size reduction will b e  determined b y  the total heat transfer 
requirements of the system.
A p p r o x i m a t e l y  7 5 - 8 0 %  of the p o w e r  is generated b y  the s t e a m  turbine. T h e  discharge f r o m  
the s t e a m  cycle is only slightly a b o v e  a m b i e n t  temperature a n d  pressure. T h e  gases leaving 
the c o m b u s t o r  are under pressure a n d  are cleaned of entrained particulates in a series of 
cyclones or in a single cyclone b y  a hot gas filter. Finally, the gases e x p a n d  through a gas 
turbine, w h i c h  generates m o r e  electricity. This sy s t e m  is s h o w n  in Figure 1.6 (IEA, 1993). 
This f o r m  of c o m b i n e d  cycle application ca n increase the thermal efficiency of the process 
to b e t w e e n  4 2 %  a n d  4 4 % .
P F B C  technology has be en under d e v e l o p m e n t  in the U K  for over 2 0  years, initially at the 
British C o a l  Utilisation Research Laboratory ( C U R L )  at Leatherhead a n d  later at the 
G r i m e t h o r p e  Pressurised Fluidised B e d  C o m b u s t i o n  Establishment ( G P F B C E )  a n d  the Co al 
R e se ar ch Establishment (C RE ). T h e  c o m m e r c i a l  potential for the process has be e n  established 
b y  successful tests o n  the b e d  fluidisation conditions, tu be b a n k  materials a n d  design, 
c o m b u s t i o n  efficiencies, sulphur retention, N O x emissions, hot gas cleaning, gas turbine blade 
materials, coal feeding methods, instrumentation, t u r n d o w n  a n d  control methods, ash disposal
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Figure 1.6 : P o w e r  generation using Pressurised Fluidised B e d  C o m b u s t i o n  ( M i n c h e n e r  a n d
F a n t o m ,  1993).
a n d  utilisation. This project w a s  jointly fu n d e d  in 1975, b y  the go ve rm en ts of the Federal 
Republic of G e r m a n y ,  the U K  a n d  the U S A ,  u n de r the auspices of the IE A .  T h e  potential of 
a d v a n c e d  p o w e r  systems w a s  recognised a n d  additional jointed funding has be e n  continuously 
contributed b y  the British Co a l  Corporation, the U K  National Po w e r ,  the U K  D e p a r t m e n t  of 
T r a d e  a n d  Industry, the U S  D e p a r t m e n t  of E n e r g y  ( U S D o E ) ,  the U S  Electric P o w e r  Re se a r c h 
Institute ( E P R I )  a n d  P o w e r  Gen.
P F B C  research in Finland started in the m i d d l e  of 1980s with theoretical studies a n d  literature 
reviews. T h e  O t an ie mi test rig for P F B  c o m b u s t i o n  a n d  gasification w a s  designed a n d  
constructed within the joint project of Helsinki University of T e c h n o l o g y  ( H U T )  a n d  the 
Technical Re search Center of Finland ( V T T ) .  T h e  first tests took place in the a u t u m n  of 1987.
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T h e  research project is a part of the national L I E K K I  c o m b u s t i o n  research p r o g r a m m e  
financed b y  the Ministry of Tr ad e a n d  Industry of Finland (Hippinen et al, 1992).
A  study w a s  also c o mp le te d for a P F B C  p o w e r  plant for electrical a n d  process heat 
production in a r e m o t e  A l as ka n application, w h e r e  an A l as ka n coal, local limestone a n d  
municipal solid waste will b e  co-fired in an a d v a n c e d  fluidised b e d  combustor. This study w a s  
p e r f o r m e d  because in the near future rural village utilities will b e  faced with increased cost 
of electricity d u e  to transportation, handling a n d  storage costs of fuels (Phillips et al, 1995). 
C o m m e r c i a l  application of P F B C  plants has also taken place in S w e d e n  (Vartan), Spain 
(Escatron), U S A  (Tidd, Ohio). Units u n d e r  construction are in Japan ( W a k a m a t s u )  a n d  in 
U S A  (pleasant Hill, I o wa ) (IEA, 1993).
1.3.3 Integrated Gasification Combined Cycle (IGCC)
In I G C C  systems, coal gasification is involved using air or o x y g e n  a n d  steam, to p r o d u c e  a 
fuel gas w h o s e  principal combustible c o m p o n e n t s  are carbon m o n o x i d e  a n d  hydrogen. T h e  
m a i n  characteristic is that the fuel gas p r o d u c e d  f r o m  coal gasification is cleaned to r e m o v e  
dust, sulphur a n d  other impurities, then is b u r n e d  in the c o m b u s t o r  c h a m b e r  of the gas turbine 
a n d  the hot c o m b u s t i o n  products are e x p a n d e d  through a gas turbine. T h e  c o m b u s t i o n  gases 
are at a temperature of 1380°C, w h i c h  corresponds to a turbine inlet temperature of 1 2 6 0 ° C  
(the turbine's full potential w o r k i n g  temperature) a n d  therefore to a high t h e r m o d y n a m i c  
efficiency. W a s t e  heat f r o m  the gas turbine, c o m b i n e d  with heat recovered f r o m  the 
gasification a n d  gas cleaning processes is us e d  to raise high pressure steam. This s t e a m  is 
directed to a turbo-alternator, w h i c h  pr oduces 3 0 - 4 0 %  of the total plant electricity output. T h e  
sy st em is s h o w n  in Figure 1.7 (IEA, 1993). N e t  efficiencies of approximately 4 3 %  ca n  b e  
achieved, higher than with m o s t  a d v a n c e d  pf plants (40%).
A  n u m b e r  of demonstration plants are planned or un de r construction throughout the world, 
notably in the U S A .  T h e  U S  D e p a r t m e n t  of E n e r g y  has be en a n d  continues to b e  a m a j o r  
player in the d e v e l o p m e n t  of I G C C  with the Cl ea n C o a l  Prog ra m. Several I G C C  projects h a v e  
b e e n  an no un ce d. T h e  ones closer to realization are: T a m p a  Electric (Florida), P S I - W a b a s h
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Figure 1.7 : Integrated gasification c o m b i n e d  cycle p o w e r  generation (IEA, 1993).
River (Indiana) a n d  P i n o n  Pine ( N ev ad a) ( U S D o E ,  1995). T h e  U S  D e p a r t m e n t  of E n e r g y  has 
established the I G C C  p e r f o r m a n c e  goals for 2 0 1 0  to 5 2 %  efficiency, with cost of electricity 
equal to 7 5 %  of that of pulverised coal plants a n d  S O x/ N O x emissions less than the existing 
limits (Harrison, 1995). In Europe, I G C C  technology has also attracted great attention, but is 
seen as a technology able to serve t w o  purposes: eliminate the excess carbon rejected f r o m  
the Refining Industry a n d  generate p o w e r  f r o m  a product, fuel oil, w h i c h  is progressively less 
d e m a n d e d  b y  the market. In Holland, a coal-based I G C C  for D e m k o l e c  in B u g g e n u m ,  started 
u p  at the e n d  of 1993. A  se c o n d  I G C C  is in construction at Puertollano in Spain. This se co nd 
plant has received a substantial financial contribution b y  the E u r o p e a n  C o m m u n i t y  Joule 
program. Similar projects are being considered in Finland a n d  other E u r o p e a n  countries 
(Farina, 1995). Since 1988, the K o r e a  Electric P o w e r  Corporation has also be en involved in 
introducing I G C C  to the K o r e a n  Electric Sector ( A h n  et al, 1995).
1.3.4 Hybrid Combined Cycles - British Coal Air-Blown Gasification Cycle
In the U K ,  a collaborative research a n d  d e v e l o p m e n t  p r o g r a m m e ,  including P o w e r G e n ,  
B a b c o c k  E n e r g y  Ltd., the Co al T e c h n o l o g y  D e v e l o p m e n t  Division ( C T D D )  of British Co al 
Corporation, G E C  A L S T H O M ,  the U K  D e p a r t m e n t  of T r a d e  an d  Industry (D TI ) a n d  the 
E u r o p e a n  C o m m i s i o n ,  has be e n  established to provide the basis for the demonstration of a
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H y b r i d  C o m b i n e d  C y c l e  technology k n o w n  as the A i r - B l o w n  Gasification Cy cl e ( A B G C ) .  
This process k n o w n  formerly as the British C o a l  T o p p i n g  Cycle, involves partial gasification 
of coal with c o m b u s t i o n  of the fuel gas in a n  industrial gas turbine a n d  residual char b u r n e d  
in an atmospheric circulating fluidised b e d  c o m b u s t o r  ( A C F B C ) .  (Cahill et al„ 1995). This 
technology exhibits particular promise m a i n l y  d u e  to the potential for exploitation of its 
constituent c o m p o n e n t s  in other a d v a n c e d  p o w e r  generation cycles.
In detail, coal is partly gasified in an air-blown gasifier, w h i c h  operates at around 1 0 0 0 ° C  a n d  
2 5  bar ( M i n c h e n e r  a n d  F a n t o m ,  1993). U s i n g  air rather than o x y g e n  decreases the capital a n d  
operational costs of the plant. Sorbent (lime or dolomite) is also fed in the gasifier to obtain 
sulphur retention. T h e  coal, sorbent, air a n d  s t e a m  are introduced through a vertical spout at 
the base of the gasifier with additional air a n d  s t e a m  being introduced through nozzles set in 
the wall of the conical base. L e av in g the gasifier, the fuel gas passes f r o m  a cyclone for the 
particulates a n d  the ash to b e  re mo v e d .  A  critical requirement is to ensure that the fuel gas 
is free of dust in order to avoid d a m a g e  to the gas turbine. In c o m m e r c i a l  plants, cyclones are 
us ed as the only particulate r e mo va l equipment, since they operate reliably at high 
temperature a n d  pressure ( H T H P )  conditions. H o w e v e r ,  the efficiency of cyclones is not 
satisfactory e n o u g h  to protect the gas turbines f r o m  the erosivity of the particulates emitted. 
M u c h  effort in recent years, has b e e n  de vo te d to the d e v e l o p m e n t  of a m o r e  efficient clean-up 
system, using rigid ceramic elements as the filtration media. T h e  testing of candle filters in 
British C o a l ’s G r i m e t h o r p e  facility (B urnard et al, 1993), over the temperature range of 780- 
8 5 0° C, s h o w e d  that although the collection efficiency of candle filters w a s  very promising, 
internal inspection of pressure vessel revealed m a n y  failures, like high temperature effects of 
thermal expansion a n d  material creep. M i cr oc ra ck s identified at the binder m e d i u m  a n d  silicon 
carbide granular surfaces, suggest thermal s h o c k  effects resulting f r o m  cold air i m p i n g e m e n t  
during pulse jet cleaning cycles.
W o r k  o n  hot gas filtration at lower temperatures, 4 0 0 - 6 0 0 ° C ,  has be en carried out at the Co al 
T e c h n o l o g y  D e v e l o p m e n t  Division at C h e l t e n h a m .  T e m p e r a t u r e  appears to h a v e  little effect 
o n  filter operation within this range a n d  the results raised confidence in hot gas filtration. 
D u r i n g  the tests n o  el em en t breakages o c cu re d during operation, strength loss w a s  acceptable
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a n d  the permeability reached a constant level (Cahill et al, 1995). A s  a result, after the 
cyclone, gas temperature w a s  reduced to 4 0 0 - 6 0 0 ° C  in a boiler, w h i c h  generates high pressure 
saturated steam. After the boiler, further particulate r e m o v a l  is obtained in the ceramic candle 
filter. T h e  clean gas is then bu r n e d  in the turbine combustor, w h e r e  the c o mb us ti on products 
are at a temperature of around 1 3 8 0 ° C  corresponding to a turbine entry temperature of 
12 60 °C . T h e  gaseous products are then expanded, driving the turbine co mp re ss or a n d  the 
electric p o w e r  generator. T h e  exhaust gases pass to a waste heat boiler a n d  then via a stack 
to a t m o s p h e r e  at 125°C. Air for the gasifier is provided via the gas turbine compressor, heat 
exchangers, a m o t o r  driven booster c o m p r e s s o r  a n d  an air reheater.
B e t w e e n  7 0  a n d  8 0 %  of the coal is converted in a l o w  calorific value fuel gas (4 M J / m 3) d u e  
to the use of air instead of o x y g e n  in the gasifier. A  high calorific value fuel gas is 
undesirable since this will give a rise in the fl am e temperature in the gas turbine combustor, 
leading to higher N O x emissions. T o  avoid this p r o b l e m  in o x y g e n - b l o w n  gasifiers, the fuel 
gas p r o d u c e d  is diluted with N 2 prior to the gas turbine combustor. T h e  re maining 
un converted coal (char) is cooled, depressurised a n d  transferred to an atmospheric C F B C  
either directly f r o m  the base of the gasifier or f r o m  the cyclone a n d  hot gas filters. This 
material is then b u r n e d  to raise heat for the st ea m turbine cycle, w h i c h  also produces po w e r .  
T h e  already sulphided sorbent in this material is converted to C a S 0 4. Additional sorbent can 
b e  fed in the c o m b u s t o r  to complete the sulphur retention process. T h e  solids in the A C F B C  
are carried a w a y  b y  the co mb us ti on air a n d  into high efficiency cyclones, w h e r e  they are 
recycled to the c o m b u s t o r  vessel, either directly or via external l o w  velocity fluidised b e d  heat 
exchangers. After the cyclones, the partially cleaned gas is cooled in a waste heat boiler 
followed b y  c o m b u s t i o n  air preheaters. T h e  cooled flue gas is passed through a ba g  filter a n d  
in du ce d draught fan before being discarded to atmosphere. This system is s h o w n  in Figure 
1.8 ( M i n c h e n e r  a n d  F a n t o m ,  1993) a n d  it is still under development.
T h e  clear motivation for the a d v a n c e d  p o w e r  systems w a s  the increase of efficiency to the 
5 0 %  level. T h e  reported predicted efficiency of a c o m m e r c i a l  p o w e r  plant based o n  British 
Coal's A B G C  is ar o u n d  4 6 - 4 7 % .  This is ba se d o n  an E u r o p e a n  G a s  Turbine, F r a m e  9F, with 
an inlet temperature of 1260°C. Cooling of the fuel gas d o w n  to 4 0 0  - 6 0 0 ° C  does not affect
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Figure 1.8 : P o w e r  generation using the A i r - B l o w n  Gasification C y c l e  (Fantom, 1993)
the efficiency of the cycle, as the heat recovered f r o m  the gas cooler before the ceramic filter 
is used in the st ea m cycle, w h e r e  the st ea m turbine equally contributes ( 5 0 % )  to the p o w e r  
generation. C o m p a r e d  with the other technologies, this is the highest efficiency that has be en  
reported (Table 1.1).
Table 1.1 : C o m p a r i s o n  of efficiencies achieved b y  clean coal technologies c o m p a r e d  to
pulverised coal-fired with desulphurisation unit technology
T e c h n o l o g y P F + F G D A C F B C P F B C I G C C A B G C
Efficiency 4 0 % 4 0 % 4 2 - 4 4 % 4 3 % 4 6 - 4 7 %
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T h e  m a i n  advantages of the A B G C  are :
(a) it ca n  exploit the potential of high inlet temperature gas turbines while m i ni mi si ng the
en er gy losses incurred in the production of fuel gas
(b) it predicts the lowest C 0 2 emission d u e  to its higher efficiency
(c) it is expected to b e  operated easier than the A C F B C ,  P F B C  or I G C C  plants, since it
is able to continue operation ev en w h e n  s o m e  subsystems are out of service.
1.4 ASSOCIATED TECHNOLOGY IMPROVEMENTS
T h e  future implementation of the a d v a n c e d  clean coal technologies will b e  influenced b y  
i m p r o v e m e n t s  in gas turbine technology a n d  b y  the d e v e l o p m e n t  of hot gas cleaning 
techniques.
1.4.1 Gas Turbines
T h e  m a j o r  turbine manufacturers are continuing to design a n d  develop m o r e  efficient gas 
turbines. M u c h  of the current research is based o n  aircraft turbine technology a n d  o n  the 
d e v e l o p m e n t  of ceramic or ceramic/metal materials for use in c o m p o n e n t  manufacture. S u c h  
adva nc es will allow significant increases in turbine gas inlet temperatures, possibly to m o r e  
than 1 3 7 0 ° C  b y  the beginning of the 21st century.
G a s  turbines are widely used in the industrial sector as p r i m e  m o v e r s  for oil a n d  gas 
production. T h e  description 'coal-fired turbine' is us ed solely for a turbine operating directly 
o n  the high temperature combustion products of coal as a substitute for oil or gas 
( M e a d o w c r o f t  a n d  Stringer, 1987). T h e  reliability a n d  availability of gas turbines is of m a j o r  
co nc er n in production operations (Byworth, 1987). Limitations are frequently i m p o s e d  b y  the 
p r em at ur e degradation of critical hot gas path c o m p o n e n t s  such as rotor blades a n d  nozzle 
guide vanes. T h e s e  c o m p o n e n t s  operate u n de r c o m p l e x  a n d  d e m a n d i n g  combinations of stress 
a n d  temperature in a high-velocity gas stream w h i c h  m a y  contain aggressive species arising 
f r o m  impurities in the fuel a n d  intake air.
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Impurities can d a m a g e  turbine c o m p o n e n t s  b y  a co mbination of erosion, corrosion a n d  
deposition. T h e s e  three complications ca n result in increased ma in te na nc e costs and/or losses 
in cycle efficiency d u e  to either deposit buildup o n  the airfoils or the need for filtration 
equipment. If the p r o b l e m s  related to erosion, corrosion a n d  deposition can be solved, coal- 
based plants with gas-turbines can h a v e  a competitive price relative to alternatives such as oil 
or natural gas.
Materials u s e d  for c o m p o n e n t  fabrication m u s t  therefore possess the appropriate mechanical 
a n d  physical properties to suit the individual requirements for specific areas of the turbine. 
Suitable materials include a range of nickel- a n d  cobalt-base alloys k n o w n  through their 
superior high-temperature p e r f or ma nc e as superalloys. Nickel-base superalloys are favoured 
for rotating c o m p o n e n t s  because of their e n h a n c e d  strength, w h er ea s cobalt-base superalloys 
are m o r e  generally preferred for static c o mp on en ts . T h e s e  materials resist corrosion through 
a strongly b o n d e d  c h r o m e  oxide layer (Cr 20 3) over their surface (Cutler, 1987). This oxide 
layer presents a barrier b e t w e e n  the elements in the metal a n d  those in the environment. 
H o w e v e r ,  at temperatures ~8 5 0 - 9 0 0 ° C ,  there is a limitation in the protection provided b y  
c h r o m i a  in that it oxidises further to f o r m  the gaseous c h r o m i u m  trioxide, C r 0 3 (Radcliff, 
1987). B r e a k d o w n  of the protective layer b y  aggressive species can lead to accelerated attack 
of the underlying metal.
T h e  cost of the hot gas path c o m p o n e n t s  fabricated f r o m  these superalloys is relatively high 
a n d  represents a significant proportion of the overall costs of turbine ownership. F o r  instance, 
the price of a set of blades for a heavy-duty industrial gas turbine can b e  as high as £ 1 5 0 , 0 0 0  
(Radcliff, 1987). Frequent replacement of these c o m p o n e n t s  during the total life of a turbine 
(-25,000 hrs) adds considerably to the running costs for that engine. H o w e v e r ,  the highest cost 
is incurred through premature an d  un ex pe ct ed failure w h e r e  not only is a m a j o r  rebuild 
required, but the cost of d o w n - t i m e  a n d  associated lost production can override all other 
considerations.
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1.4.1a Gas Turbine Alkali Corrosion Mechanisms
T h e  ch emical analysis of a typical U K  p o w e r  station coal a n d  the c o m p o n e n t  distribution in 
the ash are given in Table 1.2 ( M e a d o w c r o f t  a n d  Stringer, 1987) a n d  s h o w  that m a n y  of the 
elements involved in the corrosion processes are present in coal or chemically b o u n d  in 
aluminosilicates w h i c h  primarily comp ri se ash.
Table 1.2 : C h e m i c a l  analysis, w t % ,  of a typical U K  p o w e r  station coal an d  ash
Ash s a Si02 A 1A Na20 KjO FeA CaO MgO Ti02 S03
Coal 16 1.5-2
O 
P
 
ui 
7
*
. . . . . .
Ash 50
ssmsTOwma
30 1 3.5 10 2 1.5 1 1
British coals f o r m e d  directly in m a r i n e  s w a m p  areas a n d  therefore they are rich in chlorine 
a n d  alkalis, as these elements exist in high concentrations in seawater. Their concentration in 
these coals is usually a b o v e  1 0 0 0  p p m  (0.1%) (Raask, 1985). It is k n o w n  that chlorine is 
rapidly released f r o m  coal as H C I .  T h e  H C I  then releases alkali chlorides, w h i c h  are volatile 
at b e d  temperatures. If the sulphur c o m p o u n d s  are not effectively re mo v e d ,  the chlorides will 
react d o w n s t r e a m  with the sulphur oxides, generated in the gas turbine combustor, to give 
sulphates either in the c o m b u s t i o n  fl am e or close to the blade surface (Ferguson, 1980) :
2 NaCl {g) +S 03 +H20 {g) *Na2SOA {c) + 2 HCI (ff) (1.1)
T h e s e  ca n then deposit onto the turbine's c o m p o n e n t  surfaces, chemically interact with the 
protective oxide layers a n d  cause hot corrosion.
Basically, there are t w o  alkali sulphate corrosion processes: a high-temperature f o r m  (type I) 
with p e a k  corrosion rates at about 8 5 0- 90 0° C, a n d  a low-temperature f o r m  (type II) with p e a k  
corrosion rates at about 7 0 0- 75 0° C. T y p e  I hot corrosion results f r o m  s o d i u m  sulphate fluxing 
the protective oxide layer, allowing access to sulphur onto the underlying metal. Sulphur then 
reacts with the c h r o m i u m ,  w h i c h  is responsible for the protection. Localised depletion of the
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protective elements a n d  progressive internal attack are produced. T y p e  I hot corrosion 
produces a characteristic pattern of attack w h i c h  includes a p o ro us oxide scale, an irregular 
metal/scale interface a n d  internal attack with preceding metal sulphides.
T y p e  II hot corrosion requires s o d i u m  sulphate a n d  sufficient sulphur trioxide to maintain a 
l o w  melting deposit w h i c h  readily fluxes the surface oxide. T h e r m o d y n a m i c s  favour high local 
S 0 3 concentrations in the lower temperature range. S o d i u m  sulphate f o r m s  a c o m p l e x  salt, 
w h i c h  involves o n e  of the base metals of the alloy; Co ,  or Ni. T h e  attack is normally 
localised, producing pits with a scale rich in sulphur through the progressive fluxing of the 
deposits. T h e r e  is little internal sulphidation of the alloy with this type of attack (Radcliff, 
1987).
T h e  release of alkali is very dependent o n  c o m b u s t i o n  a n d  gasification temperature a n d  it w a s  
f o u n d  ( M e a d o w c r o f t  a n d  Stringer, 1987), that the m a x i m u m  permissible b e d  temperature, 
un de r w h i c h  the alkali levels could b e  controlled for high chlorine coals, m u s t  not b e  m o r e  
than 90 0° C. A  reduction of 5 0 - 1 0 0 ° C  (from 9 5 0  to 9 0 0 - 8 5 0 ° C )  can m e a n  the difference 
b e t w e e n  catastrophic metal loss rates a n d  acceptable corrosion o n  gas turbine blades. 
H o w e v e r ,  if the coal c o m b us ti on or gasification temperature is limited to less than 9 0 0 ° C ,  a 
significant fraction ( > 1 0 % )  of the sulphur oxides can b e  present as S 0 3, the fraction 
increasing as the temperature decreases a n d  the pressure increases. E v e n  with 
dolomite/limestone in the b e d  to absorb the sulphur emissions, levels of S 0 3 of 10-50 p p m  
h a v e  b e e n  reported ( M e a d o w c r o f t  a n d  Stringer, 1987). This will help the formation of l o w  
melting point sulphates a n d  the occurence of l o w  temperature (type II) hot corrosion. A s  there 
will a l wa ys b e  a temperature drop b e t w e e n  the turbine c o m b u s t o r  a n d  the turbine, type II 
corrosion m i g h t  b e  expected to b e  m o r e  prevalent than type I hot corrosion. Consequently, 
alkali chloride r e m o v a l  is important for the protection of the gas turbines. T h e  high 
temperature corrosion p r ob l e m s  of superalloys ca n also b e  associated with chlorides present 
in the exhaust gas. It is generally agreed that chlorides ca n  p r o d u c e  b r e a k d o w n  of the 
normally protective surface oxide scales a n d  ca n act as initiators of the hot corrosion reaction 
(Radcliff, 1987; H a n c o c k ,  1987; S m e g g i l  et al, 1977). T h e  rapid influence of chlorides is 
suggested to occur via gaseous diffusion through defects in the surface scale.
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A t  9 0 0 ° C  w h e r e  theoretical predictions of alkali concentrations are in the range of 1 to 10 
p p m  w t  (Scandrett a n d  Clift, 1984; S i n g h  a n d  Clift, 1986), experimentally reported alkali 
levels in coal-derived gases can vary over a w i d e  range d e p e n d i n g  o n  the experimental 
conditions (Chapter 2). H o w e v e r ,  the target specification for the turbine expansion gas is 2 4  
p p b  w t  ( N a + K )  ( U S D o E ,  1986) a n d  therefore alkali suppresion w o u l d  b e  necessary.
1.4.1b Corrosion-Erosion-Deposition Interactions
W h e n e v e r  erosion a n d  corrosion occur together there m u s t  b e  concern that there will b e  a 
synergistic effect resulting in a total loss rate greater than the s u m  of the losses f r o m  the t w o  
processes acting independently. A n  e x a m p l e  ( B a r k a l o w  et. al, 1980; Barkalow, 1984; 
M e a d o w c r o f t  a n d  Stringer, 1987) obtained in a  high-velocity laboratory simulator w h e r e  
erosion w a s  caused b y  2.5 p m  al um in a particles at 1 8 0  m s *1 a n d  corrosion b y  N a 2S 0 4- K 2S 0 4 
deposits is illustrated in Figure 1.9 ( M e a d o w c r o f t  a n d  Stringer, 1987). In this example, the 
erosive d a m a g e  rate w a s  m u c h  w o r s e  than the corrosive d a m a g e  rate, but together the d a m a g e  
rate b e c a m e  three times that of erosion alone. Deposition can significantly affect corrosion 
rates b y  building u p  locally aggressive envi ro nm en ts or b y  capturing the alkali-containing 
species. H o t  corrosion itself requires the deposition of alkali sulphates. In the e x a m p l e  
m e n t i o n e d  above, Figure 1.9, it w a s  s h o w n  that in the high velocity gas, the extent of hot 
corrosion without erodent, varied a r o u n d  the target because of the effect of aero dy na mi cs o n  
deposition rate. Industrial c o mb us ti on turbine research has s h o w n  that if the gas stream 
particle size is kept b e l o w  1 0  p m ,  then deposition a n d  corrosion, not erosion, are responsible 
for limiting the useful lifetime of a gas turbine (Ross et al., 1988).
1.4.2 Hot Gas Cleaning
A l t h o u g h  emission levels for S 0 2, N O x a n d  C 0 2 f r o m  the a d v a n c e d  clean coal technologies 
can b e  2 0 - 2 5 %  lower than for m o s t  pulverised coal plants, hot gas cleaning techniques are 
not only developed to m e e t  environmentally accepted emission limits for dust, S 0 2, N O x, N H 3 
a n d  trace metals but also to prevent d o w n s t r e a m  e q u i p m e n t  corrosion a n d  erosion. Emissions 
like H C I ,  apart f r o m  having deleterious effects w h e n  are released into the atmosphere,
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Figure 1.9 : H i g h  velocity erosion-corrosion interactions for I N  7 3 8  at 8 7 0 ° C  ( M e a d o w c r o f t  
et al, 1987)
can cause acidic corrosion of d o w n s t r e a m  e q u i p m e n t  such as turbine blades a n d  heat 
exchangers. T h e  presence of alkali species in the coal gas streams can also cause corrosion 
to the gas turbines a n d  alkali low-melting c o m p o u n d s  can provide the "glue" for f o r m i n g 
deposits o n  turbine a n d  heat e x c h a n g e r  surfaces. D u s t  emissions should be eliminated not only 
for environmental purposes but also because they ca n cause erosion to the gas turbines.
Appropriate hot gas cleaning technologies for dust removal, desulphurisation, elimination of 
N H 3, H C I ,  alkali a n d  trace metal c o m p o u n d s ,  are being developed to e n h a n c e  system 
efficiency. T h e  i m po rt an ce of an effective gas filtration process lies o n  the fact that it can 
provide the requested clean-up of the exhaust gas before it is released to the a t mo sp he re a n d  
can also protect d o w n s t r e a m  equipment, like the gas turbine. This is significant as regulations 
governing i.e. dust emissions to the e n vi ro nm en t are often m u c h  m o r e  stringent than those 
suggested for the protection of gas turbines. T h e  dust emission limits required b y  
environmental legislation vary f r o m  country to country, but a figure of less than 2 0  p p m w  is 
a reasonable guideline (Bur na rd et al, 1993).
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T h e  techniques that appear to offer the greatest potential for dust r e m o v a l  include ceramic- 
based filters (Burnard et al, 1993; Cahill et al, 1995) a n d  m o v i n g - b e d  granular collectors 
( G a n g  et al, 1993; M c D a n i e l ,  1995). It w a s  found, as w a s  already explained in detail in 
Section 1.3.4, that in order to avoid thermal expansion a n d  material creep of the ceramic 
filters, it w a s  necessary to cool d o w n  the gasifier exhaust gas to 4 d 0- 60 0° C. M u c h  w o r k  o n  
hot gas filtration w a s  carried out in conjunction with the d e v e l o p m e n t  of c o m b i n e d  cycle 
processes. F o r  gasification, the range of conditions of interest for filter operation, range f r o m  
2 5 0  to 7 0 0 ° C  (Cahill et al, 1995). T h e  lo we r temperature w a s  set at 25 0 ° C ,  because a n y  
further cooling could cause N H 4C1 to f o r m  a n d  deposit o n  d o w n s t r e a m  e q u i p m e n t  (Schreurs, 
1995). H o w e v e r ,  the decrease of gas stream temperature d o w n  to 2 5 0  or 40 0° C, w o u l d  also 
influence the system's efficiency. T a k i n g  the B u g g e n u m  plant (Schreurs, 1995), it w a s  implied 
that ea ch 1 0 0 ° C  temperature drop in the exhaust gas, represented 1 %  loss of the chemical 
c o m b u s t i o n  en er gy of the coal that could h a v e  be e n  converted to chemical c o mb us ti on energy 
of the gas.
T h e  other option for dust removal, the m o v i n g  granular b e d  filter, could offer the advantage 
of efficient operation within the range of 3 0 0 - 8 0 0 ° C  ( G a n g  et al, 1993). Application of 
granular b e d  filters op en s the possibility of collecting both gaseous emissions a n d  solid dust 
particles in o n e  filter unit b y  using chemically reactive filter media. U n d e r  the sponsorship 
of the U . S  .Department of Energy, a laboratory test p r o g r a m  is u n d e r w a y  at the R e se ar ch 
Triangle Institute (RTI), in order to develop a m o v i n g  granular-bed filter for multi­
c o nt am in an t control (McDaniel, 1995).
T o  eliminate sulphur emissions f r o m  the exhaust gases, limestone is a d d e d  in the gasifier a n d  
the process effectiveness w a s  reported to vary f r o m  5 0 %  (Tatar et al, 1995) to 9 0 %  (IEA, 
1993). T h e  w i d e  range in the effectiveness is attributed to Ca /S ratios since the reaction is 
equilibrium limited u n de r the gasifier conditions (Tatar et al, 1995; F a n t o m  et al, 1995). 
Consequently, additional hot dry desulphurisation techniques are also being explored a n d  
attention is currently focusing o n  the d e v e l o p m e n t  of a metal oxide w h i c h  can react with H 2S  
a n d  p r o d u c e  a metal sulphide. T h e  sulphide can then b e  regenerated using an appropriate 
oxidant to p r o d u c e  a concentrated sulphur dioxide stream f r o m  w h i c h  sulphur can b e
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recovered using conventional techniques ( F a n t o m  et al, 1995). Nickel oxide catalysts with zinc 
ferrite appear to b e  capable of meeting these requirements at 5 0 0 - 6 0 0 ° C .  T h e s e  c o m p o u n d s  
are p r o p o s e d  for the Pi no n Pine I G C C  sy s t e m  u n de r d e v e l o p m e n t  (Tatar et al, 1995), w h e r e  
the sulphur in the gas should b e  reduced to less than 3 0  p p m v  for a low-sulphur coal. 
H o w e v e r ,  copper chromite appeared as the n e w  suggestion for higher temperatures (650- 
750°C), since zinc w a s  s h o w n  to suffer f r o m  volatilisation at elevated temperatures (Abbasian 
et al, 1995). Zinc titanate as a mixture of Z n O  a n d  T i 0 2, it s e e m s  to stabilize the zinc a n d  
prevent its vaporisation, exhibiting g o o d  sulphur retention capacity a n d  stability ev e n  at 
temperatures u p  to 7 3 5 ° C  ( G a n g  et al, 1993).
Whilst additional r e mo va l of sulphur, f r o m  the fuel gas after the in-bed retention in the 
gasifier o f  A B G C ,  is not required to m e e t  current emission targets (400 m g  m n' 3 @  1 atm, 2 7 3  
K), it w a s  considered essential to include a secondary sulphur retention unit in this cycle. This 
will allow the A B G C  to c o m p e t e  with other technologies such as I G C C  a n d  P F B C ,  to b e  an 
appropriate technology for application w o r l d w i d e  w h e r e  m o r e  stringent emission targets m a y  
apply a n d  to m e e t  likely future emission targets in the E u r o p e a n  Un io n. F o r  the A B G C ,  the 
operating temperatures for hot gas cleaning is 4 0 0 - 6 0 0 ° C  a n d  at this temperature zinc titanate 
w a s  f o u n d  to react too slowly, m a k i n g  it unsuitable for use. A  candidate sorbent, based o n  
iron a n d  m o l y b d e n u m ,  is un de r d e v e l o p m e n t  in the Netherlands (Fantom, 1995).
T h e  formation of N O x during coal c o m b u s t i o n  or gasification d e p e n d s  o n  the availability of 
o x y g e n  a n d  the c o m b u s t i o n  or gasification temperatures. T o  m o d i f y  these conditions a n d  m a k e  
t h e m  less favourable for N O x formation, the air-blown fluidised b e d  w a s  chosen as the 
appropriate technology d u e  to the lower operational temperatures ( ~ 1 0 0 0 ° C )  a n d  the reduced 
o x y g e n  usage. W h e n  the N O x limits (650 m g  m n’3, D e p a r t m e n t  of the Environment, 1990) 
cannot b e  m e t  b y  the a b o v e  method, decrease of N O x levels can b e  achieved with l o w  N O x 
gas turbine combustors, selective ( S C R )  a n d  non-selective catalytic reduction ( S N C R )  prior 
to the gas turbine c o m b u s t o r  or if this is inadequate, after the gas turbine to the exhaust gas. 
S C R  involves m i x i n g  a m m o n i a  with the exhaust gases in the presence of titanium oxide as 
a catalyst, to p r od uc e nitrogen a n d  water. T h e  o p t i m u m  p e r f o r m a n c e  temperature for these 
catalysts is 370- 40 0° C, since at higher temperatures they begin to degrade. This technology
22
can achieve N O x reduction rates of 8 0 - 9 0 % .  In S N C R ,  an a m i n e - b a s e d  chemical, such as urea 
or a m m o n i a ,  is injected into the exhaust gas stream w h e r e  it reacts with N O x to p r od uc e 
nitrogen a n d  water. This reaction takes place ov er a  relatively n a r r o w  temperature range - 
b e t w e e n  9 0 0 ° C  a n d  I 1 0 0 ° C  a n d  can achieve 4 0 - 5 0 %  N O x reduction.
Nitrogen b o u n d  in coal is partly released as N H 3 a n d  H C N ,  w h i c h  m i gh t e n h a n c e  the 
formation of N O x in the gas turbine combustor. A l t h o u g h  N O x can b e  controlled during 
combustion, additional m e as ur es m i g h t  b e  necessary to reduce high levels of N H 3 a n d  H C N .  
It w a s  suggested that a m m o n i a  could d e c o m p o s e  b y  contact with iron based minerals a b o v e  
9 0 0 ° C  or with dolomite a b o v e  1000°C. D o l o m i t e  a n d  limestone a b o v e  8 0 0 ° C  w a s  also 
suggested to reduce H C N  concentration ( G a n g  et al, 1993). Re search o n  the use of N H 3 
decomposition catalyst in conjuction with the H 2S  sorbent, zinc titanate, already started at 
RTI. A t  temperatures b e l o w  800°C, n o n e  of the catalysts investigated w e r e  effective in a high 
H 2S  e n v i r o n m e n t  ( M c D a n i e l  et al, 1995). T o  avoid deactivation of nickel catalysts caused b y  
H 2S, Simell et al, (1996) suggested that temperatures over 9 0 0 ° C  should b e  used. This effect-, 
in addition to the increase in the cycle efficiency, could b e  indicative of a longer term shift 
to higher temperatures for hot gas cleaning.
Emissions of chlorine f r o m  a coal-fired p o w e r  plant can range f r o m  5 0  to several thousand 
p p m v ,  de p e n d i n g  o n  the chlorine content of the coal a n d  the coal processing technique. It has 
be e n  p r o p o s e d  that s o d i u m  minerals a n d  especially nahcolite ( N a H C 0 3) can effectively 
r e m o v e  H C I  f r o m  hot gases fo rm in g N a C l ,  C O z a n d  H 20  (Krishnan et al, 1995; M c D a n i e l  et 
al, 1995). H o w e v e r ,  the N a C l  produced, will exacerbate the alkali r e m o v a l  p r o b l e m  ( G a n g  et 
al, 1993). W i t h o u t  a n  efficient alkali r e m o v a l  unit in the s y s t e m  to reduce the alkali loading, 
limestone w o u l d  b e  the preferred H C I  sorbent in a temperature range of 4 0 0 - 8 0 0 ° C  (Peukert 
et al, 1993).
Several researchers also investigated the r e m o v a l  of alkali c o m p o u n d s  f r o m  hot gases, w h i c h  
helps preventing blade corrosion a n d  prolongs the life of the gas turbine. T h e y  reported 
successful alkali r e m o v a l  f r o m  high temperature gas streams (8 00 -1 00 0° C) with 
aluminosilicate materials. T h e s e  so-called "getters" w h i c h  react irreversibly with alkalis, w e r e
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emathlite (M u l i k  et al, 1986), kaolin (Punjak et al, 1988) a n d  calcium montmorillonite 
( M c L a u g h l i n ,  1990). Aluminosilicates a n d  silicates w e r e  reported ( M c D a n i e l  et al, 1995; 
Helble et al, 1995) to also r e m o v e  trace metals f r o m  exhaust gases. U n d e r  the p r o g r a m  for 
the d e v e l o p m e n t  of the British C o a l  A i r - B l o w n  Gasification Cycle, M c L a u g h l i n  s h o w e d  that 
alkalis could b e  efficiently r e m o v e d  at 8 2 7 ° C  a n d  92 7 ° C ,  but in v i e w  of the reduced operating 
temperatures n o w  being used, this technology m u s t  b e  re-evaluated at lo we r temperatures 
( 4 00 °C -6 00 °C ). A l t h o u g h  at these temperatures, m o s t  of the alkali in the flue gases is 
expected to c o n d e n s e  onto particulates a n d  b e  r e m o v e d  b y  filtration, further studies could 
verify the p e r f o r m a n c e  of an alkali r e m o v a l  sy st em over the temperature range of 6 0 0- 92 7° C.
1.5 GENERAL REVIEW
T h e  a d v a n c e d  clean coal technologies, based o n  fluidised b e d  c o m b u s t i o n  and/or gasification, 
appear to offer a m o r e  efficient, less polluting a n d  cheaper m e t h o d  of coal-fired p o w e r  
generation w h e n  c o m p a r e d  to the conventional pulverised fuel systems, currently in use. 
H o w e v e r ,  the efficiency of these technologies will b e  influenced b y  the d e v e l o p m e n t  of gas 
cleaning techniques that ca n eliminate dust, sulphur c o m p o u n d s ,  N O x, N H 3, H C N ,  H C I ,  trace 
metals a n d  alkali c o m p o u n d s ,  either because there are environmental consequences or because 
these c o m p o u n d s  can corrode or erode the d o w n s t r e a m  equipment, especially the gas turbines 
us ed for c o m b i n e d  cycle p o w e r  generation.
M e t h o d s  for particulate r e m o v a l  being deve lo pe d include ceramic-based filters a n d  m o v i n g -  
b e d  granular collectors. C e r a m i c  filters can p e r f o r m  effectively, without mechanical failure, 
in the temperature range of 4 0 0 - 60 0° C, h o we ve r, cooling of the fuel gases is required, w h i c h  
can result in l o w e r  cycle efficiency. Multi-contaminant control at high temperatures (~800°C), 
with a chemically reactive filter m e d i a  in a m o v i n g - b e d  granular collector is a promising 
alternative technology, w h i c h  is currently u n de r study.
A s  part of the C o n t a m i n a n t  Control Research p r o g r a m m e  for the d e v e l o p m e n t  of the British 
C o a l  A i r - B l o w n  Gasification Cycle, the r e m o v a l  of the particularly corrosive alkali chloride
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vapours at high temperatures (827 a n d  927°C), w a s  studied experimentally a n d  achieved b y  
M c L a u g h l i n  (1990), using calcium montmorillonite (Fuller's Earth), as the alkali sorbent. 
Although, in A B G C  gas filtration temperatures h a v e  b e e n  re du ce d to 4 0 0- 60 0° C, w h e r e  m o s t  
of the alkali vapours are expected to cond en se onto particulates, further studies are necessary 
to c o m p l e t e  the d e v e l o p m e n t  of an efficient alkali r e m o v a l  sy s t e m  for applications in the 
temperature range of 60 0- 92 7° C, w h i c h  could b e  us e d  as an integral part of A B G C  a n d  also 
as a basis for multi-contaminant control systems. In the following Chapter, a detailed re vi ew 
of alkali v a p o u r  r e m o v a l  sorbents a n d  systems is presented.
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CHAPTER 2
T h e  realization of a d v a n c e d  clean coal technologies for p o w e r  generation, is very m u c h  
d e pe nd en t o n  the d e v e l o p m e n t  of an efficient hot gas cleaning, including alkali removal, in 
order to reduce pollution a n d  avoid corrosion of the gas turbine blades. This chapter reviews 
the experimental a n d  theoretical studies reported in the literature, w h i c h  h a v e  attempted to 
identify the f o r m  a n d  concentration of alkali species present in coal-derived gases, assess 
potential sorbents for the r e mo va l of alkalis a n d  study the m e c h a n i s m  of alkali sorption. T h e  
objectives of this w o r k  h a v e  be e n  formulated o n  the basis of these studies a n d  the n e e d  to 
address the technological challenges of n e w  industrial processes.
2.1 LITERATURE SURVEY
2.1.1 Alkalis in Coal
Alkali metals contained in coal, are dispersed in the organic phase, as cations associated with 
carboxylic acids, a n d  in the mineral phase. T h e  mineral phase contains alkali metals in a 
soluble f o r m  or associated with aluminosilicates, su ch as albite ( N a 2 0 .Al20 3.6 Si0 2) (Raask, 
1985; Srinivasachar et al, 1990). A l m o s t  all the s o d i u m  a n d  2 0 %  of the potassium, present 
in the mineral phase, are in a water-soluble form, while the remaining potassium is associated 
with aluminosilicates (Lee a n d  Myles, 1986; H o d g e s  a n d  Richards, 1989). In coal, ev en 
th o u g h  potassium salts are generally m o r e  volatile than analogous s o d i u m  salts, the p r o b l e m  
with alkali metals is ma i n l y  related to sodium, because it is m o r e  available for release to the 
gas ph as e (Lee et al, 1992; F a n t o m ,  1993). F o r  example, during coal c o mb us ti on the N a / K  
ratio, o n  a m o l a r  basis, of the volatile alkali species released in the flame is of the order of 
3:1 or greater (Singh, 1986; T h a m b i m u t h u ,  1993).
In coal c o m b u s t i o n  a n d  gasification systems, as already m e n t i o n e d  in Chapter 1, the chlorine 
in coal is released rapidly as HC I, w h i c h  then reacts with the s o d i u m  b o u n d  in the organic
L I T E R A T U R E  S U R V E Y  A N D  O B J E C T I V E S
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coal lattice to release N a C l .  T h e  a b o v e  process m a y  b e  relevant to the m e c h a n i s m  of alkali 
release in British coals, w h i c h  ha v e  an average chlorine content of 1.0 w t  %  c o m p a r e d  to a 
w o r l d  average of 0.1 w t %  (Raask, 1985). H o w e v e r ,  Srinivasachar et al. (1990) suggest that 
the initial release of sodium, in the absence of chlorine, is in the f o r m  of N a O H  at high 
temperatures or as N a ^  at temperatures b e l o w  1230°C.
2.1.2 Alkalis in the Combustion Environment
T h e  principal gas phase alkali species in the c o m b u s t i o n  flue gases w e r e  estimated b y  Spacil 
a n d  Luthra (1982) to b e  alkali chlorides, with hydroxide a n d  sulphate partial pressures being 
n o  m o r e  than 2 0 %  of the total alkali chloride partial pressures. T h e y  also reported that the 
release of volatile alkali species d e p e n d e d  o n  the coal chlorine content a n d  increased for coals 
with a higher chlorine content. T h e s e  predictions w e r e  based o n  c o m p u t e r  calculations using 
data f r o m  J A N A F  tables (1971) a n d  Barin a n d  K n a c k e  (1973) to mini mi se the system free 
energy, utilizing the chemical activities of all elements in the sy st em as independent variables.
Theoretical calculations of this type, to determine the total v a p o u r  alkali concentrations, h a v e  
also b e e n  c o n d u c t e d  b y  other workers (Scandrett et al, 1984; S i n g h  et al, 1986; Srinivasachar, 
1990; Hald, 1994). In general, they are b a se d o n  selected equilibrium reactions w h i c h  are 
expected to take place in the coal c o m b u s t o r  a n d  result in correlations w h i c h  predict alkali 
concentrations for various operating temperatures. Reactions f o rm in g c o n d e n s e d  sulphates of 
the type :
2 NaCl * 0 , 0 w  +S02 (g) + - |  0 2  (#) *ito 2 S 0 4 (c) + 2 HCI ig) (2.1)
result in higher residual alkali levels than those involving aluminosilicates contained in ash 
particles represented b y  :
2 N a C l {g) +H20 {g) + A I 2 0 3 . 6  S i 0 2{s) # A l 20 2 . 6  S i 0 2 .Na20 {g) + 2  H C l{g) (2.2)
In a specific c o m b u s t i o n  environment, the gaseous alkali level will d e p e n d  o n  w h i c h  reactions 
are p r e d o m i n a n t  a n d  the extent to w h i c h  equilibrium is achieved. Predictions of the
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equilibrium va p o u r  alkali concentration in a P F B C  e n v i r o n m e n t  for coals with 0.01 a n d  0.1 
w t %  chlorine content are s h o w n  b y  the solid lines in Figure 2.1 (Lee et al, 1984). T h e s e  
values indicate that ev en for the lower chlorine coal, the total v a p o u r  alkali concentrations at 
8 0 0 ° C  are likely to b e  at the limit of the 2 4  p p b  wt, the target specification in the turbine 
expansion gas ( U S D o E ,  1986). T h e  corresponding experimental data are m u c h  higher than the 
theoretically calculated concentrations probably because the experimental data w e r e  obtained 
f r o m  P F B C  units burning a w i d e  variety of coals, with chlorine contents higher than the 0.01- 
0.1 w t %  used in the calculations. H o w e v e r ,  it s e e m s  likely that for a coal with negligible or 
zero chlorine content, the condensation a n d  r e m o v a l  of alkali as sulphates using particulate 
filtration alone, could in theory r e m o v e  all alkali contaminants released during coal 
c o mb us ti on ( T h a m b i m u t h u ,  1993).
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Figure 2 . 1  : Alkali v a po ur concentration in P F B C  flue gas as a function o f  temperature (L ee
et al, 1984)
2.1.3 Alkalis in the Gasifier Environment
In a gasifier (reducing) environment, with sulphur present as h y d r o g e n  sulphide rather than 
as oxides, the volatile chloride species could persist as v a p o u r  right through to the c o m b u s t i o n
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stage of the gas turbine (Mojtahedi, 1987). U n d e r  these circumstances, if the alkali chlorides 
are not r e m o v e d  before combustion, then sulphates m a y  f o r m  un de r the turbine oxidising 
environment. A l t h o u g h  the turbine entry temperatures are sufficiently high to prevent 
condensation upstream, if the gas temperature in the b o u n d a r y  layers of the turbine blades 
drops to levels at w h i c h  equilibrium favours c o n d e n s e d  sulphate rather than v a po ur chloride, 
alkali deposition of N a ^ C ^  could b e  severe.
M u l i k  et al, (1983) used t h e r m o d y n a m i c  calculations to predict the f o r m  a n d  concentration 
of alkali released during coal gasification in relation to their experimental w o r k  o n  alkali 
removal. Five different types of gasifiers (Westinghouse, Lurgi, Texaco, Shell K o p p e r s  a n d  
Winkler) w e r e  studied a n d  alkali chlorides w e r e  identified as the p r e d o m i n a n t  volatile species 
over alkali hydroxides a n d  sulphates. G a s  phase alkali concentration in the gasification flue 
gases w a s  s h o w n  to increase with temperature a n d  decrease with pressure. T h e  total v a p o u r  
concentrations of alkali chlorides also increase with an increasing coal chlorine content a n d  
h e n c e  an increasing H C I  content in the fuel gas. U n d e r  these conditions the total va p o u r  p h as e 
alkali concentrations could b e  at least o n e  to three orders o f  m a g n i t u d e  higher than the 2 4  p p b  
w t  limit for the safe operation of a gas turbine ( T h a m b i m u t h u ,  1993).
2.1.4 Thermodynamics of Alkaii Removal
Alkali v a p o u r  can b e  effectively r e m o v e d  f r o m  process gas streams b y  solid sorbents, k n o w n  
as 'getters'. This concept evolved f r o m  observations that alkalis w e r e  irreversibly captured 
(gettered) b y  ash particles containing aluminosilicates, during coal combustion. 
T h e r m o d y n a m i c  equilibrium calculations h a v e  b e e n  us ed to investigate a n u m b e r  of reaction 
s c h e m e s  involving alkali salts a n d  possible getter materials. F r o m  these results, reactions of 
v a p o u r  alkali chlorides with 'getter' materials are expected to be exothermic with their 
equilibrium extent of 'gettering' determined b y  temperature, pressure a n d  gas composition 
(Singh et al, 1986).
Scandrett (1984) estimated the values of the equilibrium constants of candidate reactions 
using the J A N A F  thermochemical tables, in order to eliminate those w h i c h  are unlikely to be 
th er mo dy na mi ca ll y feasible. H o w e v e r ,  this w o r k  w a s  restricted to reactions for w h i c h  
t h e r m o d y n a m i c  data w e r e  available. S i n g h  (1986) carried out calculations for individual
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Table 2.1 : Estimated alkali concentration released in the various process systems ( M u l i k
et al, 1986)
Process
sy st em
Outlet T e m p e ­
rature (°C)
Pressure (atm) N a  ( p p m v ) K  ( p p m v )
W e s t i n g h o u s e 1023 15 19 : 4.3
Lurgi 371 - 5 3 8 20.4 <  0.035 <  0.016
30.6 <  0.028 <  0.013
Shell K o p p e r s - 1 4 8 2 20.4 -  45.6 -  983.40
30.6 -  37.23 -  983.40
T e x a c o a b o v e  1093 40.8 -  12.31 -  6.36
81.6 -8.70 -  4.49
W i n k l e r 8 1 6  - 1093 0.5 -  31.71 - 131.10 -  15.81 - 67.71
2 . 1 -  15.47 - 132.20 -  7.72 - 100.9
parallel gettering reaction systems, using a database a n d  software support maintained at the 
National Physical Laboratory (NPL). T h e  calculations w e r e  obtained b y  the minimisation of 
the total system G i b b s  free energy subject to stoichiometric constraints. T h e  assumptions for 
this analysis w e r e  that all gas mixtures w e r e  ideal (this w a s  considered acceptable for the 
range of temperatures a n d  pressures of interest) a n d  that all c o n d e n s e d  phases w e r e  pure 
single co mp on en ts . This latter assumption takes n o  account of the possibility of f o r m i n g  
glasses, liquid mixtures, solid solutions or non-stoichiometric mixtures (Shand, 1958). G i v e n  
the usual order-of-magnitude uncertainty with these theoretical calculations, the a g r e e m e n t  
b e t w e e n  equilibrium constants (Kp) calculated b y  Scandrett a n d  S i n g h  is good.
Reactions with aluminosilicates w e r e  f o u n d  to b e  th e r m o d y n a m i c a l l y  favoured over reactions 
with silica alone (Scandrett et al, 1984; S i n g h  et al, 1986). H o w e v e r ,  alkali r e m o v a l  with 
a l u m i n a  as a 'getter' containing little or n o  silica a n d  with n o  sulphur oxides present in the 
gases w e r e  not equilibrium favoured a b o v e  about 5 2 7 °C. T h e s e  calculations therefore agree 
with J o h n s o n  a n d  Lee's (1980) conclusion that the alkali r e m o v a l  with bauxite, w h i c h  is 
m a i n l y  alumina, results primarily f r o m  physical adsorption.
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F o r  ex ot he rm ic gettering reactions, the uptake w a s  estimated to reach 9 9 %  at 7 2 7 ° C  a n d  to 
b e  well a b o v e  9 5 %  at 92 7° C, w h i c h  m e a n s  that alkali r e m o v a l  should be effective at the 
anticipated process temperatures. T h e s e  calculations (Scandrett a n d  Clift, 1984) w e r e  based 
o n  gases containing 3 % v o l  H 20  with n o  H C I  present, apart f r o m  that f o r m e d  b y  reaction 
(e.g. for N o r t h  A m e r i c a n  coals) a n d  for total s y st em pressures of 1 a n d  10 atm. T h e  basic 
reaction s c h e m e  us e d  for alkali chlorides with aluminosilicate getters is s h o w n  in Equation 
2 .2 , w h e r e  it is clear that the reaction is favoured b y  increasing water va po ur concentration 
but inhibited if H C I  is present. Scandrett's w o r k  w a s  extended to gas compositions with H C I  
present b y  S i n g h  a n d  Clift (1986) to account for the higher chlorine content of E u r o p e a n  
coals. T h e s e  results indicated that for high concentrations of H C I  (160 - 3 2 0  p p m v ) ,  the gases 
m u s t  b e  cooled b e l o w  8 2 7 ° C  if the sorbent gettering reaction is to reduce the volatile alkali 
concentration to a level b e l o w  0.1 p p m .  A s  with other studies based o n  t h e r m o d y n a m i c  
calculations, these predictions relate to equilibrium conditions for reactions w h i c h  are a s s u m e d  
to take place during alkali capture, but w h i c h  m a y  not accurately represent the alkali sorption 
process.
2.1.5 Experimental Studies of Alkali Vapour Removal
Extensive experimental studies of alkali r e m o v a l  processes h a v e  b e e n  perf or me d to investigate 
the capacity, reaction m e c h a n i s m  a n d  rate of alkali capture of potential getter materials. 
Bench-scale reactor tests at high temperatures, with different carrier gas compositions a n d  
atmospheric or higher pressure ha v e  b e e n  us ed extensively for this work. Th er mogravimetric 
( T G )  tests u n d e r  atmospheric pressure h a v e  also b e e n  us ed to characterise candidate materials.
F o r  the systems of interest ( P F B G  a n d  P F B C ,  Chapter 1), reactions w e r e  studied over a 
temperature range of 80 0- 10 00 °C , at pressures u p  to 3 0  a t m  (Lee et al, 1980; L e e  et al, 1986; 
M u l i k  et al, 1986; P u n j a k  et al, 1990; M c L a u g h l i n ,  1990). T h e  carrier gases used varied f r o m  
inert gases like N 2 a n d  A r  to simulated c o m b u s t i o n  or gasification gases, depending o n  the 
process used. C o m b u s t i o n  gases w o u l d  typically contain 0 2 a n d  S 0 2 (Lee et al, 1980; L e e  et 
al, 1986; P u n j a k  et al, 1990) whereas gasification gases contained H 2 an d H 2S  (M ul ik et al, 
1986). D e p e n d i n g  o n  the type of coal burnt or gasified, the product gases w o u l d  also contain 
various quantities of H C I ,  H 20, C 0 2, C O ,  C H 4 a n d  N 2. M u l i k  et al (1983) f o u n d  that the 
simulated gases did not interfere with the gettering process, but did produce a black carbon
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coating o n  the reacted pellet. A  similar deposition w a s  observed with pellets tested in an 
atmospheric fluidised b e d  coal gasifier at C R E .
A  w i d e  range of alkali concentrations in c o m b u s t i o n  or gasification gases w e r e  m e a s u r e d  or 
projected u n d e r  different conditions. L e e  et al (1992), s h o w e d  that the time-averaged alkali 
v a p o u r  concentration ( N a + K )  present in P F B C  flue gas f r o m  three Illinois coals at 9 0 0 ° C ,  
with s y s t e m  pressure 9.2 atma, ranged f r o m  6 7  ±  2  to 9 0  ±  3 p p b  wt. A  typical e x a m p l e  is 
also presented in the W e s t i n g h o u s e  reports (M u l i k  et al, 1986), w h e r e  five different types of 
gasifiers (Westinghouse, Lurgi, Texaco, Shell K o p p e r s  a n d  Winkler) studied a n d  the estimated 
alkali concentrations released in the various systems is given in Table 2.1. It is not surprising 
therefore, to find that alkali concentrations used in experimental w o r k  ha v e  varied f r o m  0 . 5  
(Lee et al, 1986) to 2 0 0  - 3 0 0  p p m v  (Punjak et al, 1990).
In addition, a hot gas with a fairly high alkali concentration m a y  be required in laboratory 
experiments in order to obtain a detectable a m o u n t  of alkali v a p o u r  within a  reasonable 
period. F o r  this reason, L e e  a n d  J o h n s o n  (1980) a n d  M u l i k  et al, (1986) used 8 0  p p m v  of 
N a C l ,  w h e r e a s  M c L a u g h l i n  (1990) u s e d  4 0  p p m v  N a C l .
2.1.5a M e a s u r e m e n t  of G a s e o u s  Alkali Concentration
In order to assess the extent of alkali control required a n d  to evaluate the p e r f o r m a n c e  of 
alkali control technology, accurate techniques for m e as ur in g the alkali concentration in a hot 
gas stream h a v e  h a d  to b e  developed. M e t h o d s  of alkali v a p o u r  m e a s u r e m e n t  used, fall into 
t w o  b r o a d  categories; 'batch' sampling techniques requiring typically several hours to obtain 
an alkali value off-line, a n d  'on-line' m e a s u r e m e n t s  producing instantaneous real-time alkali 
values. B a t c h  samp li ng techniques require a fixed v o l u m e  of gas to be d r a w n  through an 
alkali collection device, w h i c h  is then chemically analysed for alkali content. On-line m e t h o d s  
giving instantaneous results h a v e  the advantage that time dependant changes a n d  process 
perturbations ca n b e  quantified.
A  batch-type samp li ng train based o n  condensation has be e n  widely used for alkali 
m e a s u r e m e n t .  Typically, this consisted of a quartz-lined stainless steel cold trap, three water 
bubblers, a pressure gauge, flow control a n d  m e a s u r e m e n t  devices (Lee an d  Myles, 1984).
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A t  either e n d  of the cold trap, Saffil fiber filters ( 9 5 %  A 1 20 3 a n d  5 %  S i 0 2; 3 p m  fiber 
diameter) w e r e  installed to serve as a particulate a n d  c o n d e n s e d  alkali aerosols filter. T h e  
alkali v a p o u r  passing through the upst re am filter section w a s  cooled a n d  c o n d e n s e d  in the 
cold trap a n d  passed through three water bubblers for the final k n o c k d o w n  of the alkalis in 
the gas. A t  the e n d  of each measuring period, the filter w a s  collected, the cold trap rinsed 
with distilled water a n d  the solutions collected f r o m  the bubblers. E a c h  section w a s  then 
analysed for alkali.
This condensation m e t h o d  w a s  also us ed b y  British C o a l  a n d  the Technical Re search Centre 
of Finland. H o w e v e r ,  in order to avoid the alkali adsorption p r o b l e m s  encountered with 
stainless steel, the British Coal system us e d  a high-purity ( > 9 9 . 7 %  A 1 20 3) al um in a lined air- 
cooled probe, followed b y  t w o  bubblers a n d  a Nextel ( 9 9 %  A 1 20 3) ultrafibre filter 
d o w n s t r e a m .  T h e  system w a s  used successfully o n  a n  atmospheric gasifier, after the ceramic 
filter. T h e  sampling system developed at Technical Re se a r c h  Center of Finland, c o m p r i s e d  
a condenser a n d  five bubblers. T h e  gas s a m p l e  w a s  q u e n c h e d  b y  injection of distilled water 
after the reactor. W a t e r  v a po ur w a s  c o n d e n s e d  a n d  captured b y  a cold trap a n d  then the gas 
stream w a s  led through w a s h i n g  bottles containing water. After the sampling the a q u e o u s  
solutions w e r e  c o m b i n e d  into on e sample, w h i c h  w a s  analysed b y  an atomic absorption 
spectroscopy ( A A S ) .  N o  alkali metal w a s  f o u n d  in the co nd en se r (Hokajarvi et al, 1991; 
H i p p i n e n  et al, 1992).
H a l d  (1994) also used a sampling probe, containing a high-purity a l um in a condenser, followed 
b y  bubblers. T h e  bubblers w e r e  followed b y  a drying c o l u m n ,  a gas meter a n d  a p u m p .  
9 4 ± 6 %  of gaseous alkali metal chlorides w e r e  captured within the m o l e  fraction ranges of 0.5 
to 2 5 0  p p m v  N a C l  a n d  2 5 0  to 5 0 0  p p m v  K C 1 .  T h e  p r o b l e m  experienced b y  all these systems 
w a s  the formation of alkali aerosol particles during cooling. S u c h  an aerosol can e v a d e  
capture b y  bubblers a n d  fiber filters. T o  test w h e t h e r  c o n d e n s e d  alkalis, in the f o r m  of 
aerosols e v a d e d  the sampling system, H a l d  (1994) generated a k n o w n  a m o u n t  of v a p o u r  phase 
alkali metal f r o m  an aqueous solution a n d  introduced it b y  a quartz nozzle into a furnace. A  
particle counter connected to the outlet gas, s h o w e d  that s o m e  alkali particles escaped the test 
sy st em a n d  therefore could also possibly pass through the samp li ng system. M c L a u g h l i n  
(1990), also used the condensation m e t h o d  to m e a s u r e  the gaseous alkali concentration in exit 
gases, but the efficiency of the system w a s  quite l o w  ( 5 8 % )  a n d  in the light of the p r o b l e m s
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that other investigators m e t  with this m e t h o d ,  the idea w a s  abandoned.
Cicero a n d  W i l l i a m s  (1990) re viewed m e t h o d s  for m e a s u r i n g  gaseous alkali a n d  identified 
flame emission spectroscopy as the m o s t  appropriate on-line m e t h o d  for real time 
me asurements. This sy st em w a s  used b y  L e e  a n d  M y l e s  (1984), in the f o r m  of a n  A m e s  
analyser for on-line sampling of the inlet a n d  outlet gas streams f r o m  an alkali sorber vessel. 
Unfortunately, results obtained for s o d i u m  v a p o u r  concentration w e r e  < 1 0  p p b  wt, w h e r e a s  
the corresponding concentration m e a s u r e d  b y  the batch-type sampling train w a s  7 0 - 1 4 0  ppbwt. 
This discrepancy is critical, because the A m e s  data w o u l d  indicate that the alkali v a p o u r  
concentration in the P F B C  process stream should b e  l o w  e n o u g h  not to b e  considered a 
problem, while the sampling train data s h o w e d  the opposite. O n e  of the prob le ms encountered 
with the A m e s  analyser w a s  the capture of alkali b y  the stainless steel sampling tube w h e n  
heated a b o v e  7 0 0 ° C .  Trials o n  the A m e s  analyser w e r e  also co nducted at C R E  but the results 
w e r e  unsatisfactory.
Consequently, the on-line m e t h o d s  d e ve lo pe d for m e a s u r e m e n t  of alkali concentration in gas 
streams, are not sufficiently reliable to accurately determine l o w  levels of alkali. Ba tc h 
sampling techniques, w h i c h  h a v e  be e n  progressively d e ve lo pe d are therefore likely to p r o d u c e  
better results.
2.1.5b Material Selection for Experimental Ap paratus
O n e  of the m a j o r  p r o b l e m s  with the experimental studies of alkali va po ur re mo va l has be en  
the selection of an alkali-resistant material for e q u i p m e n t  w h i c h  is in contact with salt vapour. 
This p r o b l e m  w a s  encountered with the stainless steel samp li ng line used b y  L e e  a n d  M y l e s  
(1984). A l u m i n a ,  A 1 20 3, is probably the m o s t  important a n d  versatile of the high-grade oxide 
ceramics d u e  to its favourable mechanical, thermal, electrical a n d  chemical properties. H i g h  
purity a l u m i n a  ceramics s h o w  excellent overall resistance to chemical attack a n d  are us e d  in 
high-pressure s o d i u m  lamps, an application w h i c h  needs a material to b e  inert to reactive hot 
s o d i u m  v a p o u r  (Lay, 1991). Silica-based materials are less resistant towards alkalis 
particularly at high temperatures a n d  m u c h  l o we r temperatures in the presence of water. 
Beryllium oxide is o n e  of the m o s t  resistant materials towards reactive alkali metals, but it 
is also very expensive a n d  b e c o m e s  volatile in the presence of water vapour.
34
2.1.5c Techniques for Evaluation of Alkali Getters
T h e  techniques us ed to characterise candidate sorbent materials w e r e  m a i n l y  
thermogravimetric analysis ( T G )  a n d  bench-scale reactors. In systems not connected to pilot- 
plant gasifiers or combustors, gaseous alkali w a s  p r o d u c e d  through evaporation of alkali 
solutions or b y  alkali sublimation (Lee et al, 1984; M u l i k  et al, 1986; Uberoi et al, 1990; 
M c L a u g h l i n ,  1990; Lippert et al, 1993). T h e  thermogravimetric m e t h o d  pr ov ed a quick a n d  
efficient w a y  of verifying alkali uptake characteristics of the selected materials because only 
small quantities are required, thus avoiding the complications involved in a reactor system. 
M u l i k  et al, (1986) us ed a double balance thermogravimetric system (TG), w h i c h  w a s  
designed to continuously monitor the we ig ht loss of the alkali source a n d  the weight gain of 
the candidate getter. M c L a u g h l i n  (1990) us e d  Simultaneous T h e r m a l  Analysis ( S T A )  to screen 
candidate alkali sorbents. This m e t h o d  c o m b i n e s  Differential T h e r m a l  Analysis ( D T A )  a n d  
T h e r m o g r a v i m e t r y  (TG), w h i c h  allowed the simultaneous m e a s u r e m e n t  of energy a n d  we i g h t  
c h an ge s in a s a m p l e  as a function of temperature. T h e  samples used w e r e  mixtures of 1 0 %  
b y  we ig ht N a C l  a n d  9 0 %  the candidate calcined sorbent, in order to avoid p r o b l e m s  of using 
salt vapour. M c L a u g h l i n  classified materials as suitable sorbents o n  the basis of the overall 
we ig ht loss observed. P u n j a k  et al, (1989) us e d  a horizontal reactor tube to expose a flake of 
sorbent to alkali-containing hot gas a n d  evaluated its gettering ability at the e n d  of the 
ex periment b y  chemically analysing the flake for sodium.
H o w e v e r ,  sorbents h a d  also to b e  e x a m i n e d  u n d e r  conditions closer to those used in process 
applications in industry. M o s t  of this experimental w o r k  has been d o n e  o n  laboratory or 
bench-scale rigs, involved fixed beds of solid sorbents. Other options under consideration 
include the entrained flow reactors, fluidised b e d  reactors, m o v i n g  granular b e d  filters a n d  the 
in-situ r e m o v a l  of alkalis using additives in the coal c o m b u s t o r  or gasifier. Fixed p a c k e d  b e d  
sorbent systems are well characterised, a n d  h a v e  b e e n  widely used because of their simplicity 
(Lee et al, 1980; L e e  et al, 1986; M u l i k  et al, 1986; M c L a u g h l i n ,  1990). Fluidised beds, 
although k n o w n  for their g o o d  m a s s  a n d  heat transfer characteristics, h a v e  not be e n  us ed 
because they w e r e  b o u n d  to increase the dust concentration in the process line d u e  to attrition 
of the solid sorbent. In-situ r e mo va l of alkalis b y  using additives (Pintsch et al, 1991) w a s  not 
reported as very successful, since kaolin tested b y  the C o m b u s t i o n  P o w e r  C o m p a n y  
(California/USA) could not adequately r e m o v e  all the water soluble fraction of alkalis a n d
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bauxite tested b y  W e s t i n g h o u s e  Electric Corporation (Pittsburgh/USA) w a s  s h o w n  to release 
potassium a n d  s o d i u m  ev en f r o m  the insoluble alkali fractions. Entrained flow reactors h a v e  
b e e n  recently tested b y  W e s t i n g h o u s e  (Lippert et al, 1993). Ba tc h p a c k e d  be ds h a v e  the 
advantage over entrained flow reactors w h e n  the reaction rates of alkali sorption are l o w  a n d  
long solids residence times are necessary. W i t h  entrained flow, the sorbent utilisation is far 
f r o m  c o mp le te because of the short residence times involved. T h e  recent idea of m o v i n g  
granular b e d  filters for multicontaminant control, also allows almost co mplete exploitation of 
the sorbents d u e  to the long sorbent residence times that ca n b e  achieved ( M c D a n i e l  et al, 
1995).
2.1.6 Alkali Getters
Since only a fraction of the water-soluble s o d i u m  contained in coal, appeared as a gaseous 
c o m b u s t i o n  product, the presence of materials that could capture s o d i u m  in a water-insoluble 
c o m p o u n d  w a s  indicated. It w a s  demonstrated that the addition of an aluminosilicate clay to 
the c o m b u s t i o n  zo n e  of a P F B C  reduces the emission of alkali vapours (Lee et al, 1980). 
M u l i k  et al, (1983) f r o m  t h e r m o d y n a m i c  calculations o n  gasification of coal, predicted that 
condensation of volatile s o d i u m  w o u l d  not b e  obse rv ed in the presence of ash constituents 
( 1 . 2 %  Al, 2 . 4 %  Si), because of the formation of albite ( N a 2 0 .Al20 3 .6 Si0 2). If kaolin, an 
aluminosilicate material (Al 20 3 .2Si0 2 . 5 H 20), w a s  present the formation of both nepheline 
( N a 20 . A l 20 3 .2Si02) a n d  albite w o u l d  b e  possible. H o d g e s  a n d  Richards (1988) f o u n d  in the 
c o m b u s t i o n  products of coals with differing kaolin contents that s o d i u m  w a s  in co mb in at io n 
with aluminosilicates. T h e s e  results suggested that aluminosilicates could b e  useful in 
reducing the gaseous alkali content in the flue gas.
A p p r o x i m a t e l y  4 0  sorbent materials h a v e  b e e n  screened for alkali sorption processes b y  L e e  
et al, (1980), M u l i k  et al, (1986), M c L a u g h l i n  (1990) a n d  G u p t a  (1995). Materials w h i c h  h a v e  
be e n  further studied in bench-scale reactors include activated bauxite, emathlite, kaolinite a n d  
calcium montmorillonite. T h e  chemical composition of s o m e  of the materials studied is given 
in Ta bl e 2.2. Activated bauxite w a s  studied b y  L e e  a n d  Johnson, Luthra a n d  Leblanc, L e e  a n d  
Myles, M u l i k  et al, Pu nj ak et al an d M c L a u g h l i n .  It ca n b e  partly regenerated because it has 
b e e n  f o u n d  to both physically an d chemically adsorb alkali salt vapours. T h e  N a C l  v a p o u r  
captured b y  physical adsorption w a s  f o u n d  to b e  easily r e m o v e d  b y  water leaching, while the
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product f o r m e d  b y  chemical fixation w a s  water-insoluble. D u r i n g  thermal desorption, 
approximately 1 0 %  of the original activated bauxite we i g h t  gain w a s  lost (Uberoi et al, 1990), 
w h i c h  indicated that this quantity of salt w a s  physically adsorbed. T h e  a m o u n t  of adsorption 
has also b e e n  s h o w n  to decrease with increasing temperature (Lee a n d  Johnson, 1980), w h i c h  
is another characteristic of physical adsorption. A s  a result, M u l i k  et al, w e r e  reluctant to use 
activated bauxite in process applications w h e r e  c h a n g e s  in the conditions, such as temperature 
or gas composition, could cause desorption of the captured sodium.
Emathlite, kaolinite a n d  calcium montmorillonite h a v e  b e e n  f o u n d  to chemically adsorb alkali 
salt vapours a n d  are therefore preferred to activated bauxite. Emathlite has be e n  studied 
extensively b y  M u l i k  et al, as it w a s  p r o d u c e d  in Florida a n d  provided a cheap solution for 
the U S  market. F o r  similar reasons M c L a u g h l i n  (1990) studied Fuller's Earth (calcium 
montmorillonite) as an appropriate material for the U K  market.
2.1.6a Aluminosilicates as Getters
T h e  m o s t  likely candidate alkali getter materials appear to b e  derived f r o m  layer 
aluminosilicates w h i c h  contain two-dimensional tetrahedral sheets, with individual tetrahedra 
linked b y  sharing three c o m e r s  (the basal oxyg en s) ea ch f o r m i n g  a hexagonal m e s h  pattern 
of composition Si2O s. T h e  fourth tetrahedral corner points in a direction no r m a l  to the sheet 
a n d  f o r m s  part of an immediately adjacent octahedral sheet in w h i c h  individual octahedra are 
linked laterally b y  sharing octahedral edges. Octahedral cations m a y  b e  M g 2+, A l 3+, F e 2+, F e 3+. 
Linking o n e  octahedral sheet with o n e  tetrahedral, pr oduces a 1:1 clay mineral, such as 
kaolinite. A  2:1 clay mineral such as calcium montmorillonite a n d  emathlite h a v e  t w o  
tetrahedral sheets sandwiching an octahedral sheet. If the 1:1 or 2:1 layers are not electrically 
neutral, for e x a m p l e  via substitution of M g 2+ for A l 3+ in montmorillonite, then the excess layer 
charge is neutralised b y  interlayer cations. T h e  t w o  structures are schematically s h o w n  in 
Figure 2.2. In activated bauxite, the functional unit structure of gibbsite [ A l ( O H ) 3J consists 
of a layer of A l  ions s a n d w i c h e d  b e t w e e n  t w o  closely p a c k e d  layers of hydroxyl ions ( M u l i k  
et al, 1983).
T h e  presence of water b e t w e e n  the layers (often associated with the interlayer cations) is a 
characteristic of these materials. It has b e e n  suggested that the water molecules m a y  b e
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Table 2.2 : A p p r o x i m a t e  composition of candidate alkali getter materials (Lee et al, 1980;
M u l i k  et al, 1986; P u n j a k  et al, 1989; M c L a u g h l i n ,  1990)
Ca ndidate getter material A p p r o x i m a t e  composition
Activated Bauxite 1 1 %  S i 0 2, 8 4 . 2 %  A 1 20 3, 4 . 8 %  F e 20 3
Emathlite 7 0 . 1 2 %  S i 0 2, 1 3 . 2 9 %  A 1 20 3, 4 . 8 4 %  C a O ,  3 . 2 %  F e 20 3, 
2 . 4 7 %  M g O ,  1 . 1 3 %  K 20, 0 . 1 %  N a p ,  0 . 3 6 %  T i 0 2
Kaolinite 5 2 . 1 %  S i 0 2, 4 4 . 9 %  A 1 20 3, 0 . 8 %  F e 20 3, 2 . 2 %  T i 0 2
C a l c i u m  Montmorillonite 5 5 . 2 %  S i 0 2, 1 3 . 7 %  A 1 20 3, 8 . 1 %  F e 20 3, 0 . 7 %  T i 0 2, 
3 . 3 %  M g O ,  6 . 3 %  C a O ,  0 . 3 %  N a p ,  0 . 6 %  K 20
Vansil 4 6 . 1 %  C a O ,  5 0 . 2 %  S i 0 2, 0 . 2 1 %  A 1 20 3, 1 . 8 6 %  M g O ,  
0 . 1 5 %  F e 20 3, 0 . 2 2 %  N a p
E b o n y  Novacite 6 3 . 1 5 %  S i 0 2, 3 . 2 4 %  C, 0 . 1 3 %  S, 1 9 . 1 6 %  A 1 20 3, 2 . 2 9 %  
F e 20 3, 1 . 8 %  T i 0 2, 0 . 2 5 %  C a O ,  0 . 1 5 %  M g O
Zeolite 5 A molecular sieve T y p e  5 A ,  aluminosilicate substrate with 
attached cations of C a
D i a t o m a c e o u s  Earth 9 2 %  S i 0 2, 5 %  A 1 20 3
Silica Ge l S i 0 2
B u r g e s s  N o .  10 p i g m e n t 4 4 . 8 - 4 5 . 3 %  S i 0 2, 37 .5 -3 9. 7% A 1 20 3
Attapulgus Clay 6 8 %  S i 0 2, 1 2 %  A 1 20 3, 1 0 . 5 %  M g O
Barytes ma in ly B a S 0 4
P u m i c e a naturally occuring volcanic rock f o r m e d  b y  the rapid 
cooling of lava flows
Pyrophillite A l 2Si4O 10( O H ) 2
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Figure 2.2 : Structures of ma jo r clay mineral groups (Mineralogical Society, 1980)
arranged in a tetrahedral m a n n e r  with respect to the o x y g e n s  of the 2:1 layers. For e x a m p l e ,  
in c a lc iu m montmorillonite M g 2+ can be substituted for s o m e  A l 3+ in the octahedral sheet. T h e  
resulting layer charge is balanced b y  interlayer cations (mainly C a 2+ with small a m o u n t s  of 
K + a n d  N a +). It w a s  fo un d that the C a 2+ ions w e r e  located in the hexagonal cavities of the 
tetrahedra sheets in the anhydrous mineral, but entered the water layers in the hydrated 
mineral, w h e r e a s  K + an d  N a + ions w e r e  located close to, or partially within the h e xa go na l 
cavities in the anhydrous an d  the hydrated phases. T h e  interlayer cations tend to force the 
layers apart leading to a m o r e  o p e n  structure than the 1:1 layer silicate. Typical interlayer 
distances are 7.2 A  for 1 : 1  c o m p a r e d  to 14.4-15.6 A  for 2 : 1  (Mineralogical Society, 1980). 
This m a y  facilitate the ingress of alkali and/or water v a p o u r  a n d  subsequent reaction.
All montmorillonites lose the majority of their interlayer wa te r in the range 1 0 0 - 2 0 0 ° C  giving 
a partially collapsed structure (Mineralogical Society, 1980). All this water appears to b e  lost 
b y  4 5 0 ° C ,  a n d  after heating to temperatures > 4 5 0 ° C ,  m o s t  montmorillonites will not re­
hydrate. Co n t i n u e d  heating b e y o n d  4 5 0 ° C  leads eventually to the loss of the structural 
hydr ox yl groups. T h e  loss of - O H  groups takes place in t w o  stages. A  first loss at ~ 7 0 0 ° C ,
S M E C T I T E  ( X ^  0 . 2 5 - 0. 6) a n d  
V E R M I C U L I T E  ( X ~ 0 . 6 - 0 . 9 )
O O O O O O O
( x  i s  v a r i a b l e )
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with the original structure being essentially retained, followed b y  a se co nd loss at 8 0 0 - 9 0 0 ° C  
associated with the collapse of the lattice. R e m o v a l  of molecular water b e t w e e n  layers will 
occur in kaolin at temperatures b e l o w  4 0 0 ° C .  A t  temperatures b e t w e e n  4 0 0- 70 0° C, all the 
lattice - O H  groups are lost a n d  kaolin u n de rg oe s a ph as e transformation to the quasi-stable 
metakaolin (Al 20 3 .2Si02). A t  temperatures a b o v e  7 5 0 ° C ,  crystallisation processes include the 
formation of n e w  phases, such as y-alumina and/or silicon-spinel at 9 2 5 ° C  a n d  mullite 
(Al 20 3 .Si02) at 1 1 0 0 ° C  (Mulik et al, 1983; Atakiil et al, 1990). Bauxite also u n de rg oe s a 
series of phase transformations, w h e r e  gibbsite transforms to b o e h m i t e  (A1 20 3 .H 20 )  at ~ 3 0 0 ° C  
a n d  then b e t w e e n  4 5 0 ° C  a n d  1 2 0 0 ° C  to y-, 8 -, 0- a n d  a - a l u m i n a  ( M ul ik et al, 1983).
T h e  presence of Ca, M g  a n d  F e  in the solid sorbent will lead to a n u m b e r  of additional 
c o m p o u n d s  in the calcined matrix w h i c h  m a y  e n h a n c e  the uptake of s o d i u m  b y  the getter, 
through the formation of low-melting eutectics o n  stable reaction products. In particular, 
anorthite ( C a 0 . A l 20 3 .2Si02) has b e e n  identified in the calcined products of montmorillonite 
a n d  the following reaction is possible:
S i 0 2 * 3 { C a O . A l 2 0 3 . 2 S i 0 2 ) + 2 N a C l  { g ) + H 2 0 { g ) &
& N a 2 0 . 3 C a 0 . 6 S i 0 2 {g ) + 3 A l 2 0 3 . S i 0 2 { g )  + 2 H C I  (g) (2.3)
T h e  reaction product ( N a ^ r i C a O . b S i O Q  f o r m s  a l o w  melting eutectic composition with S i 0 2 
a n d  N a 2 0 .2 Si0 2 (Schairer, 1957). T h e  presence of C a  a n d  M g  in the silica glass coverings of 
high pressure s o d i u m  l a mp s w a s  f o u n d  to accelerate the attack o n  silica b y  s o d i u m  v a p o u r  
(Lay, 1983).
T h e  typical composition of Fuller's Earth, is c o m p l e x ;  5 5 . 2 %  S i 0 2, 1 3 . 7 %  A 1 20 3, 8 . 1 %  F e 2O s,
0 . 7 %  T i 0 2, 3 . 3 %  M g O ,  6 . 3 %  C a O ,  0 . 3 %  N a A  0 . 6 %  K 20  (McLau gh li n, 1990). T h e  general 
f o r m u l a  for a montmorillonite structure is ( M +y. n H 2O ) ( A l 2_yM g y)(Si4O 10) ( O H ) 2, w h e r e  M + is 
the interlayer cation. F o r  calcium montmorillonite the interlayer cation is C a 2+ a n d  as a result 
its empirical f o rm ul a is (C a 0 2 )(Al 1 6 M g 0 4 )(Si4O 10) ( O H ) 2. Its structure appears to b e  a m o r p h o u s  
after calcination at 900°C, with s o m e  sanidine ( K A l S i 3O s), albite ( N a A A l A . O S i O Q ,  
anorthite ( C a 0 . A l 20 3.2Si02), quartz a n d  tridymite ( S i 0 2) present. T h e s e  h a v e  be en identified 
b y  X - R a y  Diffraction b y  M c L a u g h l i n  (1990). T h e  calcined Fuller's Earth is a mixture of
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oxides, w h i c h  e v e n  t h o u g h  the effect of the m i n o r  constituents can b e  ignored, the variety of 
elements in the solid reactant composition implies that there m a y  b e  a large n u m b e r  of 
reactions occuring at the s a m e  time being t h o u g h  impractical to consider all of them.
Emathlite’s saturation capacity has b e e n  m e a s u r e d  as 18 % w t ,  while bauxite ga v e  an uptake 
of 5.6 % w t  ( M u l i k  et al, 1986). Kaolinite's alkali capacity w a s  m e a s u r e d  as 26.6 % w t  b y  
P u n j a k  et al, (1990), but it w a s  rejected b y  M c L a u g h l i n  since it undergoes large exothermic 
ph as e transformations at temperatures a b o v e  9 0 0 ° C  (M u l i k  et al, 1986; Atakul, 1990) a n d  
therefore its sorption characteristics m a y  b e  affected. Instead, Fuller's Earth w a s  used with an 
uptake of 12.6 % w t .  Tests with emathlite, activated bauxite, kaolin a n d  Fuller's Earth at the 
atmospheric pressure gasifier at C R E ,  p e r f o r m e d  at 9 5 0 ° C  with alkali va po ur levels being 
b e t w e e n  1 - 3  p p m  w t  N a  a n d  0.6 - 1.3 p p m  w t  K  (Fantom, 1993), identified Fuller's Earth 
to give the lowest outlet alkali value of 0.17 p p m  w t  N a  a n d  0.06 p p m  w t  K. T h e  total value 
of 0.23 p p m  w t  is still a b o v e  the target range of 0.07 - 0.024 p p m  w t  but is predicted to b e  
l o w e r  for a hi gh pressure system.
2.1.6b Reaction M e c h a n i s m  for Alkali Capture
T h e  general equation (2.2) for alkali sorption b y  aluminosilicates used for t h e r m o d y n a m i c  
calculations does not in itself provide verification of the reaction m e c h a n i s m .  O n e  w a y  of 
investigating the reaction m e c h a n i s m ,  has b e e n  to e x a m i n e  the f o r m  of the gaseous reactants 
a n d  the elements present in the solid sorbents after their exposure to alkali salt vapours.
S o d i u m  chloride at the temperatures of interest (up to 1 0 0 0 ° C )  exists as a m o n o m e r  a n d  a b o v e  
~ 1 4 6 5 ° C  it exists as (N aC l)n, w h e r e  n = 2  or 3 ( H o l l e m a n  et al, 1985). E v e n  if s o m e  dimers 
exist, these will b e  in equilibrium with the m o n o m e r s  (Datz et al, 1961). X-ray diffraction 
( X R D )  studies w e r e  us ed to identify the solid reaction products. M u l i k  et al. (1986) studied 
the reaction m e c h a n i s m  of the s o d i u m  adsorption b y  emathlite a n d  considered it as an initial 
surface reaction of s o d i u m  with silica. In the presence of alumina, s o d i u m  reacted with silica 
at localised regions within the substrate material, to f o r m  s o d i u m  feldspar (albite), 
N a 2 0 .Al2 0 3.6 Si0 2, w h i c h  has also be e n  identified b y  X R D  Analysis b y  Pu nj ak et al, (1989). 
N e p h e l i n e  N a 2 0 .Al20 3 .2 Si0 2, w a s  identified as a  reaction product with Fuller's Earth b y  
M c L a u g h l i n  (1990). After extended exposure of emathlite to the alkali chloride environment,
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the production of a glass surface phase has b e e n  observed, w h i c h  could b e  s o d i u m  di-silicate 
( N a 2 0 .2 Si0 2) or a eutectic mixture (Eq. 2.3). T h e  existence of a glassy product in saturated 
emathlite has also b e e n  indicated b y  X - r a y  Analysis b y  P u n j a k  et al, (1989) a n d  M c L a u g h l i n  
(1990). P u n j a k  et al (1989) identified t w o  reaction products in kaolinite a n d  bauxite; 
nepheline, w h e r e  the s o d i u m  cation is octahedrally coordinated, a n d  carnegieite, w h e r e  it is 
tetrahedrally coordinated, both with a composition of N a 2 0 .Al2 0 3 .2 Si0 2. T h e s e  results are in 
a g r e e m e n t  with the reaction s c h e m e s  us e d  for t h e r m o d y n a m i c  calculations. H o w e v e r ,  the 
formation of glasses at high alkali uptake, w o u l d  indicate the presence of non-stoichiometric 
mixtures, w h i c h  m a k e  the system m o r e  c o m p l e x  a n d  as saturation is a p pr oa ch ed there m a y  
b e  a c h a n g e  in the reaction m e c h a n i s m  a n d  the rate controlling step (McLaughlin, 1990).
P u n j a k  et al, (1989) tested, after saturation, the reversibility of the alkali uptake for bauxite, 
kaolinite a n d  emathlite. N o  desorption w a s  observed for kaolinite a n d  emathlite, but bauxite 
lost approximately 1 0 %  of its weight gain. This suggested that the m e c h a n i s m  of alkali 
sorption for bauxite involved both physical adsorption a n d  chemical reaction, w h e r e a s  for 
kaolinite a n d  emathlite alkali capture occured through irreversible reaction. Sc an n i n g  A u g e r  
Analysis p e r f o r m e d  o n  treated kaolinite, emathlite a n d  bauxite (Punjak et al, 1989), revealed 
n o  chlorine in the products of sorption for kaolinite a n d  emathlite, w h er ea s chlorine w a s  
partially retained b y  bauxite d u e  to physical adsorption. Since chlorine (as H C I )  should b e  
released during the sorption reaction (Eq. 2.2), it w a s  indicated that kaolin a n d  emathlite 
reacted with s o d i u m  chloride to give gaseous H C I .
M u l i k  et al, (1986) also used X- ra y diffraction, ion c h r o m a t o g r a p h y  a n d  atomic absorption 
analysis to c o m p a r e  the concentrations o f  s o d i u m  a n d  chlorine in emathlite pellets. T h e  results 
obtained h a v e  s h o w n  that the total chloride detected in the pellets w a s  m u c h  less than the 
total s o d i u m  adsorbed (<0.01 % w t  of the total chlorine c o m p a r e d  to 3.3 % w t  of the total 
sodium), indicating that H C I  w a s  liberated during the chemical adsorption as anticipated.
T h e  experiments pe r f o r m e d  b y  Pu nj ak (1988), s h o w e d  that the m a x i m u m  we ig ht gain 
o b served for kaolinite, w a s  5.2 % w t  a n d  26.6 % w t  u n d e r  dry N 2 a n d  simulated c o m b u s t o r  flue 
gas ( S F G )  atmospheres, respectively. T h e  d e p e n d e n c e  of capacity o n  the composition of the 
carrier gas, implied a difference b e t w e e n  the m e c h a n i s m s  of adsorption un de r these t w o  
atmospheres. M o s t  probably this difference w a s  d u e  to the presence of water in the S F G
42
atmosphere, w h i c h  plays an important role in the alkali sorption reaction b y  attacking the 
silica lattice (M ul ik et al, 1986). T h e  presence of water v a p o u r  s e e m e d  to m a k e  chemical 
reaction the d o m i n a n t  sorption m e c h a n i s m ,  while physisorption do m i n a t e d  the process in the 
absence of water vapour. M c L a u g h l i n  (1990) demonstrated, using N 2 as a carrier gas w h i c h  
contained 5 % v o l  water vapour, the inhibitory effect of the presence of H C I  (160 p p m v  H C I )  
in the feed. T h e  observed Fuller's Earth s o d i u m  uptakes w e r e  ~ 5  % w t  an d  12.6 % w t  u n de r 160 
p p m v  a n d  0  p p m v  H C I  respectively.
2.1.6c Effect of W a t e r
T h e  presence of water vapour has been s h o w n  to play a crucial role in the uptake of s o d i u m  
b y  aluminosilicates. T h e  rate and extent of corrosion of silica bricks b y  N a C l  v a p o u r  is 
increased in the presence of water v a p o u r  a n d  reaction with silicate glasses is a well 
established p h e n o m e n o n .  W a t e r  w a s  demonstrated to enter glass structures ( N a ^ B S i O ^  a n d  
effectively e n h a n c e  the diffusivity of alkali ions into the glass ( M c V a y  a n d  F a r n u m ,  1974). 
T G  studies o n  emathlite pellets s h o w e d  (Figure 2.3) that a we i g h t  ch an ge w a s  observed w h e n  
both alkali a n d  water vapour w e r e  present in the system, w h e r e a s  there w a s  n o  significant 
c h a n g e  w h e n  the pellet w a s  exposed alternatively only to alkali or water vapour (M ul ik et al, 
1986).
Curv* 751 7 2 7-1
Figure 2.3 : Co ntinuous S o d i u m  Absorption Activity in Emathlite Pellet U n d e r  Various
Operating Conditions (M ul ik et al, 1986).
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T h e  fact that the uptake virtually stopped w h e n  emathlite w a s  e x po se d to water va po ur only, 
could i m p l y  that water is not incorporated into the lattice through either an adsorption or a 
reaction process. A  detailed analysis of the effect of water v a p o u r  o n  Fuller's Earth at elevated 
temperatures ( 6 0 0 ° C  a n d  8 5 0 ° C )  b y  Y a de ga ri an (1992) s h o w e d  little evidence to support an 
increase in Fuller's Earth - O H  population after water treatment of the sorbent at the 
temperatures of interest. Thus, there w a s  n o  apparent explanation: for the observed s o d i u m  
uptake u n d e r  dry conditions (McLaughlin, 1990; Uberoi, 1990). O n e  option could b e  the 
inclusion of a n  alkali adsorption step in the m e c h a n i s m .  This has already be en suggested 
(M u l i k  et al, 1986) a n d  M c L a u g h l i n  (1990) reported limited success with a m e c h a n i s m  
incorporating these kinetics ( L - H - H - W ) .
T G  experiments ( 8 5 0 ° C  a n d  1 atm) with 3 water concentrations (2.5, 4.6 a n d  6.2 % m o l )  w e r e  
p e r f o r m e d  ( M u l i k  et al, 1986) a n d  the results suggested that water va p o u r  e n h a n c e d  the rate 
of reaction, although increase of water v a p o u r  b e y o n d  4.6 % m o l  did not m a k e  m u c h  
difference, since at this point the water w a s  significantly in excess. Singh a n d  Clift (1986) 
suggested that increasing water v a p o u r  should i m p r o v e  the getter efficiency because of the 
predictable effect o n  equilibrium. P u n j a k  (1988) also f o u n d  that the presence of water v a p o u r 
increased the alkali loading capacity of kaolinite f r o m  5.2 % w t  u n de r dry conditions to 26.6 
% w t  u n d e r  the simulated flue gas conditions, w h i c h  contained 2  % v o l  H 20.
M c L a u g h l i n  (1990) in the S T A  tests p e r f o r m e d  with 2-3 % v o l  water v a po ur in nitrogen, f o u n d  
that the addition of water v a p o u r  caused a decrease in the we ig ht loss b y  the sample. This 
indicated that the rate of uptake increased. F i xe d b e d  tests with calcium montmorillonite at 
827°C, s h o w e d  an increase in the m a x i m u m  s o d i u m  uptake b y  the solid, f r o m  5 to 12.6 % w t  
Na , w h e n  the water in the carrier gas increased f r o m  0  to 5 % v ol . Increasing the water v a p o u r  
to 6 - 8  % v o l  did not p r od uc e a n y  significant c h a n g e  confirming the trend observed b y  M u l i k  
et. (1986).
2.1.6d Effect of H y d r o g e n  Chloride
Since alkali capture b y  aluminosilicate getters is considered to proceed b y  reversible reactions 
w h i c h  release H C I ,  the presence of H C I  in the reaction e n v i r o n m e n t  could inhibit the capture 
of alkali b y  the solid sorbent. This w o u l d  b e  significant for gases derived f r o m  coals of high
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( 1 % )  chlorine content, such as those of U K  origin, with h y d r o g e n  chloride levels in the order 
of 3 0 0 - 8 0 0  p p m v ,  w h e r e  m u c h  of the alkali w o u l d  r e m a i n  as va p o u r  phase chlorides (Singh 
et al, 1986).
H C I  w a s  identified as a reaction product of kaolin a n d  N a C l ,  with m a s s  spectrometry b y  
G a b o r  et al, (1986). M c L a u g h l i n  p e r f o r m e d  a series of fixed b e d  tests b y  changing only the 
H C I  concentration (0, 50, 16 0  p p m v ) .  It w a s  observed that b y  increasing the H C I  
concentration in the carrier gas, the s o d i u m  uptake b y  the solid sorbent w o u l d  decrease (Table 
2.3), indicating that H C I  w a s  inhibiting the gettering reactions. In a 2 0 0  hr high H C I  test, 
w h e r e  for the last 6  hrs of the experiment H C I  w a s  not a d d e d  to the carrier gas, the s o d i u m  
concentration profile s h o w e d  an increase in uptake w h i c h  demonstrated that the inhibitory 
effect of H C I  could b e  easily reversed (Figure 2.4).
Table 2.3 : S o d i u m  levels in the top layer of Fuller's Earth pellets for different H C I
concentrations. Experimental conditions: 4 0  p p m v  NaCl, 5 % v o l  H 20 ,  N 2 as 
balance at 8 2 7 ° C  (McLaughlin, 1990).
H C I  Concentration ( p p m v ) S o d i u m  Concentration ( % w t )
0 11.8 ±  0.3
55 6.5 ±  0.03
1 1 0 5.29 ±  0.05
16 0 4.95 ±  0.13
2.1.6e Pota ss iu m Chloride as the Alkali Salt
S T A  screening tests using K C 1  in place of N a C l  (McLau gh li n, 1990), indicated that the 
identified sorbents w e r e  equally effective with potassium. T h e  similarity in uptake profiles 
also indicates that the capture m e c h a n i s m  could b e  similar. M u l i k  et al. (1986) observed that 
potassium w a s  evolved during the reaction of s o d i u m  with emathlite, although previously a 
direct e x c h a n g e  of s o d i u m  for potassium w a s  not observed as the principal m o d e  of 
adsorption. H o w e v e r  in fixed b e d  tests with N a C l  capture (McLaughlin, 1990), the
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Figure 2.4 s Nature of A c i d  Inhibition : Result of decreasing H C I  concentration in the final 
6  hrs of a 2 0 0  hr run. Experimental conditions : 9 2 7 ° C ,  4 0  p p m v  N a C l ,  5 % v o l  
H 20 ,  0.425-0.5 m m  pellets (McLau gh li n, 1990)
concentration profiles for b a c k g r o u n d  potassium along the sorbent bed, indicated that s o d i u m  
uptake p r o m o t e d  potassium release. A b o u t  half of the potassium present in the sorbent w a s  
displaced d o w n  the b e d  u p o n  retention of sodium, indicating that s o m e  element e x c h a n g e  m a y  
h a v e  occured.
2.1.6f Effect of Te mp er at ur e a n d  Pressure
Tests pe r f o r m e d  b y  M u l i k  et al, (1986) at three different temperatures (775°C, 8 5 0 ° C  a n d  
9 0 0 ° C )  h a v e  s h o w n  n o  significant difference in gettering activity of the emathlite pellets a n d  
conc lu de d that this result helps in the adsorber b e d  design w h e r e  the uncertainty associated 
with m i n o r  fluctuations in temperature m a y  b e  safely neglected.
T h e  equilibrium calculations obtained for the gettering reactions of v a po ur alkali chlorides 
with aluminosilicates (Scandrett an d  Clift, 1984), predicted that at the s a m e  temperature, the
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extent of reaction is greater at 1 0  a t m  than at 1  a t m  a n d  consequently, the getter efficiency 
w a s  considered to i m p r o v e  as the pressure increased. T h e  effect of temperature is of m o r e  
interest, because the getter reaction is exothermic a n d  therefore the equilibrium constant falls 
with increasing temperature (Singh a n d  Clift, 1986). B o t h  effects are obvious f r o m  the 
equilibirum constant equation for the gettering reaction
k = _____ tP gc i] 2 i  i  ( 2 4 )
p l iV l  IP mciI 2 y*cx P ° - s 0] ° - 5
M c L a u g h l i n  p e r f o r m e d  fixed b e d  experiments with Fuller's Earth at 8 2 7 ° C  a n d  9 2 7 ° C  in the 
absence of H C I  a n d  obtained almost the s a m e  s o d i u m  uptake (12.6 a n d  12 % w t  respectively). 
H o w e v e r ,  with 160 p p m v  H C I  present, the s o d i u m  uptake increased to 5.2 % w t  at 92 7 ° C ,  
instead of 4.5 % w t  at 827°C. A l t h o u g h  the difference is small, M c L a u g h l i n  suggested that this 
effect m a y  be d u e  to a variable temperature d e p e n d e n c e  of the reactions used to describe the 
sorption process.
2.1.7 Mathematical Models for Non-catalytic Gas-solid Reactions
In order to formulate a theoretical description of the alkali sorption process, w h i c h  w o u l d  
predict the behaviour of the process u n d e r  various conditions of temperature, pressure a n d  gas 
composition, a mathematical m o d e l  has b e e n  d e ve lo pe d b a se d o n  non-catalytic gas-solid 
reactions of the f o r m  :
(2.5)
w h e r e  the (g) a n d  (s) subscripts denote the gas a n d  solid state of the reactants an d  products 
a n d  b, c a n d  d  the stoichiometric coefficients. W a t e r  v a p o u r  m a y  also b e  present as a se co nd 
gaseous reactant.
T h e  products of gas-solid reactions can either b e  only fluids or both fluids a n d  solids. In this 
case, there are t w o  products, o n e  gaseous (H CI ) a n d  the other solid. T h e  overall v o l u m e  of 
solid m a y  increase or decrease d e pe nd in g o n  the m o l a r  density of the solid product c o m p a r e d  
with that of the solid reactant. This is observed w h e n  H C I  or S 0 2 react with limestone C a C 0 3
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or the calcined product C a O ,  a n d  the solid products C a C l 2 a n d  C a S 0 4 respectively, o c c u p y  
considerably m o r e  v o l u m e  than the sorbent ( H a r t m a n  &  Coughlin, 1974; Peukert &  Loffler, 
1993). In m o s t  cases, including the present system, the c h a n g e  is small so that the overall 
solid reactant size m a y  b e  regarded as constant.
T h e  general principles us ed to formulate m o d e l s  for heterogeneous non-catalytic reactions 
involving a porous solid a n d  a  gas reactant, generally include the following steps:
1 . external m a s s  transport of gas reactant f r o m  the bulk gas to the outside surface of the 
p o r o u s  solid
2 . diffusion of the reactant gas within the pores of the solid
3. chemical reaction of the solid surface including the adsorption of reactants a n d  the
desorption of products
4. diffusion of the gaseous product through the po ro us solid
5 . m a s s  transfer of the gaseous product into the bulk gas stream
D e p e n d i n g  o n  the structure of the solid, the nature of the solid product a n d  the temperature 
of the process, o n e  of the previous steps ca n b e  slower than the others a n d  as a result will b e  
rate controlling. Alternatively, w h e n  a step is very fast c o m p a r e d  to the others, it could b e  
ignored f r o m  the system's analysis without significant errors. H o w e v e r ,  it is often encountered 
that t w o  or m o r e  steps could contribute in the rate of a process a n d  should all be taken into 
account w h e n  the sy st em is analysed mathematically.
W h e n  the solid is non-porous, the diffusion of the gaseous reactants is sufficiently sl ow to b e  
rate-limiting (Ishida a n d  W e n ,  1968; Peukert a n d  Loffler, 1993). Reaction b e tw ee n the gas 
a n d  the solid is a s s u m e d  to occur at a sharp interface b e t w e e n  the solid product outer shell 
a n d  the unreacted core of the solid, w h e r e  the gaseous reactant concentration b e c o m e s  zero 
or in the case of a reversible reaction, takes o n  its equilibrium value. T h e  unreacted core 
shrinks in size as the reaction proceeds a n d  diffusion through the product layer, w h i c h  
progressively thickens, b e c o m e s  slower. This m o d e l  is called the shrinking core m o d e l  a n d  
has b e e n  incorporated into the general case of a  porous solid. In a porous solid, there is a 
gradual c h a n g e  in the degree of conversion throughout the particle. T h e  external layer will 
b e  completely reacted after a certain time a n d  the thickness of this completely reacted layer 
will increase towards the interior of the particle. U n d e r  these conditions, in contrast to no n-
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po ro us solids, the reaction within the partially reacted z o n e  occurs simultaneously with 
diffusion of fluid reactants in this zone.
W h e n  chemical reaction presents the m a j o r  resistance to the overall progress of reaction, the 
concentration of the fluid reactant will b e  constant e v e r y w h e r e  a n d  the reaction will occur 
uniformly throughout the v o l u m e  of the solid. If o n  the other hand, pore diffusion presents 
the m a j o r  resistance, the reaction will occur in a n a r r o w  b o u n d a r y  b e t w e e n  the unreacted a n d  
the completely reacted zones, w h e r e  the gaseous reactant concentration b e c o m e s  zero or takes 
its equilibrium value. This latter case is identical to the shrinking core s y st em of a n o n p o r o u s  
solid.
A  wi de ly us ed approach for the description of a gas-solid reaction in a po ro us solid, is the 
pellet-grain m o d e l  (Szekely et al, 1976). This m o d e l  postulates that the solid pellet consists 
of a n u m b e r  of small, non-porous particles or grains, w h i c h  are surrounded b y  m a c r o p o r e s  
through w h i c h  the gas has to diffuse to reach the various grains. T h e  reaction occurs in e a c h  
grain according to the shrinking core model. A  product layer will f o r m  with time ar o u n d  ea c h  
grain a n d  this will in turn offer s o m e  resistance to m a s s  transfer. T h e  advantage of the grain 
m o d e l  over the older generalised shrinking core m o d e l  is its explicit incorporation of 
structural parameters such as porosity a n d  grain size a n d  its correct prediction of the 
d e p e n d e n c e  of reaction rate o n  pellet size for porous pellets in the chemical or m i x e d  control 
regimes. T h e  pellet-grain m o d e l  has be en extensively studied a n d  used to describe gas-solid 
reactions (Pigford a n d  Sliger (1973), W e n  a n d  Ishida (1973), H a r t m a n  a n d  C o ug hl in (1974), 
M c L a u g h l i n  (1990), D u o  et al (1993), Peukert a n d  Loffler (1993)).
M c L a u g h l i n  (1990) used the pellet-grain m o d e l  to account for the alkali uptake b y  Fuller's 
Earth pellets in the convective m a s s  balance for alkali in a fixed b e d  configuration. T h e  
pellets w e r e  m a d e  in a p a n  pelletiser b y  agglomerating fine, 3 0  p m  diameter, n o n p o r o u s  
grains with water. A l t h o u g h  it w a s  not easy to characterise the pellet structure, the pellet-grain 
m o d e l  w a s  used, a s su mi ng that the pellets h a d  a spherical shape a n d  w e r e  m a d e  u p  of 
individual, spherical grains of equal size. H o w e v e r ,  secondary electron i m a g e s  obtained b y  
scanning electron micr os co py s h o w e d  that in reality the grains w e r e  of irregular shape a n d  
distributed in size.
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In Mc L a u g h l i n ' s  system water w a s  usually present in excess a n d  consequently the reaction 
could b e  treated as zero order with respect to water. M c L a u g h l i n  (1990) w a s  unable to 
simulate the fixed b e d  profiles for s o d i u m  o n  Fuller's Earth, in the presence of water a n d  H C I ,  
b y  a single first-order reaction scheme. A  three-step m e c h a n i s m  w a s  also tried, w h e r e  the 
adsorption of N a C l  a n d  the desorption of H C I  w e r e  a s s u m e d  to follow a L a n g m u i r  isotherm 
in w h i c h  the surface reaction b e t w e e n  the adsorbed N a C l  a n d  the hydrated silica lattice w a s  
the rate limiting step. This reaction s c h e m e  is ba se d o n  L a n g m u i r - H i n s h e l w o o d - H o u g e n -  
W a t s o n  ( L - H - H - W )  reaction kinetics a n d  appeared to b e  applicable to m o d e r a t e  to high H C I  
concentrations for alkali uptake of less than 8 %  wt. W i t h  zero H C I  concentration a n d  higher 
alkali uptake, the assumption of a constant n u m b e r  of adsorption sites, w a s  not valid since 
the top layers of pellets fused together f o r m i n g  a glass phase.
T h e  failure of the a b o v e  m e c h a n i s m s  to describe the reaction of N a C l  with Fuller's Earth for 
this particular system, led to proposing a m o r e  c o m p l e x  m e c h a n i s m ,  w h i c h  w a s  suggested b y  
the s h ap e of the experimental profiles obtained without H C I  addition in the system. T h e  
profiles displayed a "knee" in the curve at ~ 6  % w t  N a  uptake, w h e r e  the slope of the curve 
a b o v e  6  % w t  appeared to b e  different f r o m  that b e l o w  6 % w t ,  possibly indicating that t w o  
reactions w e r e  involved. T h e  "two-reaction" s c h e m e  w a s  based u p o n  the assumption that the 
uptake of alkali b y  the sorbent occured through t w o  distinct, reversible reactions, w h i c h  w e r e  
first order, with respect to alkali (Figure 2.5).
T h e  rate of o n e  reaction w a s  a s s u m e d  to b e  sensitive to H C I  concentration w h er ea s the rate 
of the other w a s  virtually independent of it. This w a s  indicated experimentally b y  the fact that 
with n o  H C I  in the feed an uptake of 12.6 % w t  w a s  observed, w h er ea s un de r high H C I  
conditions (160 p p m v )  the lo we r uptake of 5 % w t  w a s  obtained. This reaction s c h e m e  w a s  
successfully fitted to the fixed b e d  experimental data at 8 2 7 ° C  a n d  9 2 7 ° C  (Figures 2.6, 2.7).
2.2 OBJECTIVES
T o  c o m p l e t e  the study of alkali r e mo va l in C o m b i n e d  C y cl e P o w e r  Generation over the 
temperature range of interest for the d e v e l o p m e n t  of hot gas cleaning techniques, 6 0 0- 92 7° C, 
further experimental w o r k  is necessary at ~ 6 0 0 ° C .  Fuller's Earth w a s  identified as a potential
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Figure 2.5 :
Figure 2.6
Bed Depth (arbitrary units)
C o m b i n a t i o n  of T w o  S i m p l e  Profiles to p r o d u c e  a  C o m p l e x  Final Curve. B o t h  
simple profiles w e r e  generated using a simple first order reaction m o d e l  
(McLaughlin, 1990).
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alkali getter at 8 2 7 - 9 2 7 ° C  b y  M c L a u g h l i n  a n d  to b e  consistent with this w o r k  within the 
British C o a l  C o n t a m i n a n t  Control P r o g r a m  for the A i r - B l o w n  Gasification Cycle, this material 
w a s  selected for further study. Kaolin w a s  also reported as a very promising alkali getter, 
w h i c h  n e e d e d  further investigation at ~ 6 0 0 ° C .  It w a s  not us e d  b y  Mc L a u g h l i n ,  since it 
un dergoes a large exothermic phase transformation to y-alumina and/or silicon spinel a n d  
mullite (a non-getter) at about 9 2 5 ° C  a n d  1 1 00 °C , very near the higher temperatures u n d e r 
investigation. Although, m u c h  w o r k  has b e e n  d o n e  in the area of alkali r e m o v a l  b y  
aluminosilicate materials, it is still unclear as to the exact m e c h a n i s m  of reaction b e t w e e n  the 
alkali salt, water v a p o u r  a n d  the getter material, a n d  the role played b y  H C I .  B a s e d  o n  the 
a b o v e  observations, the objectives of this project w e r e  primarily directed towards :
1) the evaluation of Fuller's Earth as a potential alkali sorbent at 6 0 0 - 6 5 0 ° C  using s o d i u m  
a n d  potassium chloride as alkali salts.
2) the preliminary assessment of kaolin as an alternative getter to Fuller's Earth.
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3) the study of the effect of H C I  a n d  H 20  o n  the alkali sorption reaction.
4) the revision, simplification an d  i m p r o v e m e n t  of the M c L a u g h l i n  fixed b e d  alkali
sorption mathematical model, in order to predict the p e rf or ma nc e of a c o m m e r c i a l  
alkali sorber.
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CHAPTER 3
T h e  experimental p r o g r a m m e  of w o r k  c o m p l e t e d  in this research project, covers alkali 
sorption, sorbent characterisation an d  alkali uptake m e c h a n i s m  studies in the 6 0 0 ° C  region. 
In this chapter, all the experimental techniques a n d  apparatus u s e d  will b e  described a n d  the 
results obtained will b e  presented.
3.1 EXPERIMENTAL METHODS
T h e  experimental w o r k  consists of t w o  m a i n  parts : the alkali sorption studies a n d  the sorbent 
characterisation a n d  analysis. T h e  alkali sorption studies involve single-layer a n d  fixed b e d  
tests in a laboratory rig, wh er ea s the sorbent characterisation a n d  analysis involve chemical 
analysis of the solid sorbent, exit gas analysis, e l em en t m a p p i n g  a n d  X - r a y  diffraction studies 
of the untreated a n d  treated solid sorbent, m e a s u r e m e n t  of the specific surface area of the 
sorbent pellets a n d  of the grain sizes that f o r m  the pellets.
3.1.1 Alkali sorption studies 
3,1.1a F i xe d B e d  Ri g
T h e  fixed b e d  sorption rig used in this work, w a s  originally built b y  M c L a u g h l i n  (1990) for 
alkali sorption studies at high temperatures ( 8 2 7 ° C  a n d  9 2 7 °C ) a n d  under atmospheric 
pressure. T h e  rig consisted of three m a i n  sections; V a p o u r  Generation, M i x i n g  a n d  the Fixed 
Bed. In the V a p o u r  Generation Section, a platinum crucible, containing N a C l  crystals, w a s  
s u sp en de d b y  an R-type thermocouple f r o m  a mi cr ob al an ce (CI Electronics), in a high-purity 
sodium-resistant al um in a tube. H o t  N 2 gas passed d o w n  the a l u m i n a  tube to evaporate N a Cl . 
T h e  concentrated N a C l  gas stream w a s  jet m i x e d  through a 0.2 m m  nozzle into the M i x i n g  
Section. T h e  m a i n  gas stream of N 2 w h i c h  could also contain H 20  a n d  H C I  vapour, d e pe nd in g 
o n  the experimental conditions, w a s  introduced into the M i x i n g  Section through a heated side
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a r m  ceramic tube. T h e  sorbent b e d  of 0.5 m m  pellets w a s  p a c k e d  onto a ceramic support plate 
in the B e d  Section. Te m p e r a t u r e  w a s  maintained b y  7  individually controlled heating 
elements.
D u r i n g  the course of this w o rk , the Fi xe d B e d  Rig, w h i c h  is fully described in A p p e n d i x  I, 
w a s  progressively u p g r a d e d  to m e e t  operational requirements at 6 5 0 ° C  (Figure 3.1). 
Electrostatics, w h i c h  w e r e  affecting the microbalance w e r e  reduced b y  screening a n d  the 
crystal m o u n t i n g  w a s  modified, so that a single N a C l  crystal could b e  suspended directly o n  
the th er mo co up le attached to the microbalance. A  handling s y s t e m  w a s  designed to facilitate 
its installation. T h e  H C I  injection sy st em w a s  fitted with teflon valves a n d  modified to 
eliminate a n y  release of acid vapour. A  condenser, fitted to the exit of the reaction tube, 
effectively eliminated water a n d  acid v a p o u r  prior to venting. T w o  n e w  temperature 
p r o g r a m m e r s  w e r e  installed to provide automatic control during start-up a n d  close-down. A  
stable alkali rate of 0.3 m g / h r  w a s  maintained over the 200, 4 0 0  a n d  6 0 0  hrs run periods. T h e  
total we ig ht loss recorded directly b y  the microbalance, w a s  affected b y  zero drift (-0 .4 % )  
resulting f r o m  variations in r o o m  temperature a n d  this h a d  to b e  eliminated b y  enclosing the 
balance h e a d  in a temperature controlled box.
T h e  gas composition for experiments p e r f o r m e d  at 6 5 0 ° C ,  w a s  4.58 p p m  w t  N a C l  (2.2 p p m v  
Na), 5-6 % v o l  H 20, 0 - 16 0 p p m v  H C I  with N 2 as balance. W a t e r  v a p o u r  w a s  introduced into 
the m a i n  gas stream b y  t w o  temperature controlled water bubblers. Concentrated hydrochloric 
acid could b e  injected into the m a i n  gas stream b y  a motorised syringe, depending o n  the 
experimental conditions. T h e  fixed b e d  (10-15 m m )  of aluminosilicate getter pellets w a s  held 
b y  a fine Pt/Rh gauze or a perforated ceramic plate in the B e d  Section. U n d e r  the sorbent bed, 
Nextel a l u m i n a  w o o l  filter pads w e r e  placed in the condensation z o n e  to adsorb the exit gas 
alkali. A t  the e n d  of each experiment, the fixed b e d  w a s  su c k e d  out of the rig in 0.5 m m  
layers. T h e s e  layers w e r e  chemically analysed for alkali uptake b y  H F  digestion a n d  A t o m i c  
Absorption Spectrophotometry ( A A S ) .  T h e  uptake alkali concentration values obtained, w e r e  
plotted against their position in the bed, pr oducing alkali concentration profiles (Figure 3.2).
Alkali exit gas analysis procedures w e r e  modi fi ed to i m p r o v e  accuracy. T h e  Nextel a l um in a  
w o o l  filter d o w n s t r e a m  of the b e d  w a s  built u p  f r o m  a n u m b e r  of circular pads cut f r o m  the 
material. T h e s e  pads f o r m  a series of 'layers' w h i c h  c a n  b e  easily r e m o v e d  for analysis
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Figure 3.2 : Alkali U p t a k e  Profiles G e ne ra te d f r o m  B e d  Sections b y  C h e m i c a l  Analysis of
Pellets
without the ne ed for further cutting. W o r k  w a s  d o n e  to optimise the n u m b e r  of pads used, the 
extent of compression a n d  the location in the reaction tube.
3.1.1b Single-Layer Tests
A s  an alternative to the well established fixed b e d  me th od , a single-layer or 'thin b e d ’ 
technique w a s  used, since it has the ad va nt ag e of providing direct information o n  sorption 
processes in the pellet without being affected b y  the bulk fluid d y n a m i c s  in a fixed bed. This 
involved treating a single layer of pellets retained o n  a Pt/Rh gauze in place of the fixed bed.
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T h e  pr im ar y tests conducted in this series w e r e  of 2 0 0  hr duration with 6  % v o l  water. T h e s e  
m i x e d  single layers of Fuller's Earth a n d  kaolin pellets, covering a range of sizes, w e r e  treated 
with 0  a n d  5 0  p p m v  (0 a n d  6 5  p p m  wt) H C I  respectively. A n o t h e r  single-layer test with 16 0  
p p m v  (208 p p m  wt) H C I  w a s  c o mp le te d with Fuller's Earth pellets pre-treated in an 
atmospheric gasifier at C R E .  Reference pellets w e r e  included for comparative purposes. T a b l e  
3.1 presents in detail the single-layer operational conditions. :
3.1.1c Alkali U p t a k e  Profiles at 6 5 0 ° C
Alkali uptake studies at 6 0 0 ° C  w e r e  co nducted o n  the mo di fi ed fixed b e d  rig, with a fixed 
b e d  run for N a C l  o n  Fuller's Earth over 2 4 0  hrs. T h e  rest of the experimental w o r k  w a s  
obtained at 6 5 0 ° C  with N 2 as a carrier gas containing 5-6 % v o l  H zO  v a p o u r  a n d  4.58 p p m  
w t  N a C l  (2.2 p p m v  Na). 10 m m  beds w e r e  us ed for alkali profile m e a s u r e m e n t s  with 0.425- 
0.500 m m  Fuller's Earth pellets. 2 0 0  hrs tests with 1 6 0  p p m v  (208 p p m  wt) H C I  w e r e  
cond uc te d for both s o d i u m  a n d  potassium. Vaporization temperature h a d  to b e  lo we re d b y  
4 0 ° C  to maintain the 0.3 m g / h r  rate for potassium because of its higher volatility. A  10 m m  
b e d  with 0.425-0.500 m m  Fuller's Earth pellets w a s  us ed for a 4 0 0  hr run with N a C l  a n d  1 6 0  
p p m v  H C I .  After the successful completion of the 4 0 0  hr run, a 6 0 0  hr run with N a C l  w a s  
attempted. A  15 m m  b e d  of 0.5-0.6 m m  Fuller's Earth pellets w a s  us ed for a 6 0 0  hr run with 
160 p p m v  H C I  a n d  4.58 p p m  w t  N a Cl , because all the 0.425-0.5 m m  pellets w e r e  u s e d  b y  
previous runs. A  second 6 0 0  hr run, with N a C l  a n d  n o  H C I  using the s a m e  pellets, w a s  also 
p e r f o r m e d  successfully. Table 3.2 gives details of the fixed b e d  operational conditions.
3.1.2 Sorbent Characterisation and Analysis
3.1.2a C h e m i c a l  Analysis
In this w o r k  the alkali uptake along the sorbent b e d  w a s  determined b y  chemical analysis of 
the layers of pellets. T h e  following m e t h o d  w a s  d e ve lo pe d b y  Totland et al. (1987) a n d  
modified b y  Oliver et al. (1989). E a c h  layer w a s  su ck ed out of the rig with a v a c u u m  p r o b e  
assembly, g r o u n d  uniformly with a mortar a n d  pestle a n d  divided in three samples of 4 0 - 5 0  
m g  each. All the samples w e r e  placed in P T F E  beakers a n d  digested three times at 9 0 - 1 0 0 ° C  
with A n a l a R  G r a d e  concentrated H N 0 3 ( 7 0 % )  a n d  A n a l a R  H F  ( 4 8 % )  with a v o l u m e  ratio of
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Table 3.1 : Experimental Conditions for Thin Bed Tests at 650°C
Fuller's Earth & Fuller's Earth & Fuller's Earth &
kaolin kaolin C R E  pellets
T e m p e r a t u r e  (°C) 6 5 0 6 5 0 6 5 0
Pressure (atm) 1 1 1
Duration (hrs) 2 0 0 2 0 0 2 0 0
F l o w  rate (ml/min) 9 5 0 9 5 0 9 5 0
G a s  C o m p o s i t i o n
N a C l  ( p p m v ) 2 . 2  ! 2 . 2 2 . 2
( p p m  wt) 4.58 4.58 4.58
H C I  ( p p m v ) 0 5 0 16 0
( p p m  wt) 0 6 5 2 0 8
H 20  ( %  vol) 6 6 5
n 2 balance balance balance
Particle size ( m m )
Fuller's Earth 0.6-0.85 0.6-0.85 0.6-0.85
0.425-0.5 ( C R E  &  F E )
kaolin 0.85-1 0.85-1
He ig ht of the b e d 1  layer 1  layer 1  layer
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Table 3 .2  : Experimental Conditions for Fixed Bed Tests at 650°C
2 0 0  hr R u n 2 0 0  hr R u n 4 0 0  hr R u n 6 0 0  hr R u n s
(S od i u m ) (Potassium) ( S o d i u m ) (S od iu m)
T e m p e r a t u r e  (°C) 6 5 0 6 5 0 6 5 0 6 5 0
Pressure (atm) 1 1 1 1
Duration (hrs) 2 0 0 2 0 0 4 0 0 6 0 0
F l o w  Rate 9 5 0 9 5 0 9 5 0 9 5 0
(ml/min)
G a s  C o m p o s i t i o n
N a C l  ( m g ) 60±0.03 - 1 2 0 ± 1 180±0.5
( p p m v ) * 2 . 2 - 2 . 2 2 . 2
( p p m  wt) 4.58 4.58 4.58
K C 1  ( m g ) - 60 ±0 .7 - -
( p p m v ) * * - 1.7 - -
( p p m  wt) 4.58
H C I  ( p p m v ) 16 0 1 6 0 16 0 160 a n d  0
( p p m  wt) 2 0 8 2 0 8 2 0 8 2 0 8  a n d  0
H 20  (vol % ) 5 5 5 5
n 2 balance balance balance balance
Particle size ( m m ) 0.425 -0.5 0.425 - 0.5 0.425 - 0.5 0.5 - 0.6
H e ig ht of the b e d 1 0 1 0 1 0 15
( m m )
* 2.2 p p m v  N a C l  =  1.8 p p m  w t  N a
** 1.7 p p m v  K C 1  =  2.4 p p m  w t  K
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2:1. T h e  solutions w e r e  evaporated to dryness b e t w e e n  digestions. A t  the e n d  of the digestion 
procedure, 8  m l  of 12.5 %  H N 0 3 w e r e  a d d e d  to ea ch s a m p l e  a n d  this w a s  m a d e  u p  with 
deionised water to 10 0 m l  in polypropylene volumetric flasks. B l a n k  samples of both the 
getter material a n d  the reagents w e r e  included in each analysis. A t o m i c  Absorption 
S pectrophotometry ( A A S )  w a s  used to determine the concentration of alkali in the solutions.
A  full review of the analytical procedure w a s  undertaken a n d  although the previously 
d e ve lo pe d m e t h o d  w a s  generally followed, i m p r o v e m e n t s  in safety a n d  accuracy, w e r e  
i m p l e m e n t e d  ( A p p e n d i x  II). T h e  o p t i m u m  n u m b e r  of digestions w a s  f o u n d  to b e  3 for the 
sorbent p o w d e r  a n d  4  for alumina wool. T h e  acid quantities w e r e  reduced a n d  consequently 
the s a m p l e  weights decreased to 30-40 m g .  Analytical solutions of digested samples m a d e  u p  
in polypropylene volumetric flasks for alkali analysis b y  A A S  w e r e  not sufficiently accurate 
for results at 6 5 0 ° C  because of the lo we r concentrations involved. M o r e  accurate flasks m a d e  
f r o m  P o l y M e t h y l P e n t e n e  ( P M P )  w e r e  substituted. T h e  hot plate w a s  replaced b y  a heating 
block with drilled beaker positions to i m p r o v e  the efficiency of the digestion steps. 
Lightweight a l u m i n i u m  s a m p l e  containers w e r e  us ed for accurate w e ig h i n g  of samples.
3.1.2b Exit G a s  Analysis
Alkali ( N a  or K )  released in the exit gases f r o m  the reactor w a s  captured b y  condensation in 
the a l u m i n a  w o o l  filter pads w h i c h  w e r e  digested in H F .  A n  electrochemical fuel cell for 
detecting H C I ,  w h i c h  is described in detail in A p p e n d i x  III, w a s  initially selected as the m o s t  
suitable m e t h o d  for a quantitative an d  specific detection of H C I  in the rig exit gases. A  three-
tr-
w e e k  conditioning w a s  necessary for the cell a n d  as a short term measure, a simple analytical 
s y s t e m  based o n  D r a g e r  tube H C I  detection w a s  e m p l o y e d .  G a s  w a s  d r a w n  through the tube, 
heated to 3 5 ° C  to prevent condensation, at a constant rate (250 ml/min) for 5 minutes, b y  a 
constant v a c u u m  system. This prevented pressure fluctuations w h i c h  w o u l d  occur with a 
D r a g e r  gas detector p u m p .  Flowrate w a s  m o n i t o r e d  b y  a calibrated electronic f l ow me te r 
throughout the test period. Tests w e r e  c o nd uc te d with N a C l  at a rate of approximately 0.3-0.7 
m g / h r  with a 10 m m  Fuller's Earth getter bed, u n d e r  w e t  (4-5 % v o l  water) a n d  dry conditions. 
Unfortunately, this system w a s  not satisfactory for continuous monitoring.
Fi xe d b e d  tests with Fuller's Earth pellets of 0.3 - 0.425 m m  diameter, w e r e  pe r f o r m e d  with
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the on-line electrochemical cell ( 3 H L  CiTiceL). D u r i n g  the experiments, an air flow of 10 
cnrimin ' 1 w a s  passed through the cell, in order to maintain the electrochemical reaction. T h e  
air supply w a s  established at this level in order not to dilute the gas c o m i n g  f r o m  the rig a n d  
decrease the H C I  concentration giving thus a false reading. T h e  exit gas flowrate through the 
cell w a s  - 6 5 0  cnrimin ' 1 f r o m  a total flowrate of 9 5 0  c m 3min'1. T h e  cell w a s  m o u n t e d  in a b o x  
a n d  insulated, so that its temperature will stay constant. H C I  response w a s  recorded to a 
Squirrel data logger a n d  the output in m V  (0.5 m V ~ l  p p m v  H C I )  w a s  exported to a 
spreadsheet, w h e r e  plots of output signal versus time w e r e  m a d e .
T o  b e  able to p e r f o r m  experiments with a n d  without water, a three-way valve w a s  installed 
in the m a i n  line. W i t h  this valve, it w a s  possible to a d d  to the m a i n  N 2 line either another N 2 
stream w h i c h  w a s  sparging through t w o  small bubblers or a n  equivalent (20 c m 3min'1) dry N 2 
stream for the dry experiments. For the dry runs, the sy s t e m  w a s  c h e c k e d  for possible water 
sources, w h i c h  h a d  to b e  eliminated.
H C I  w a s  m o ni to re d on-line in the exit f r o m  the fixed b e d  rig in experiments of f e w  hours 
duration, w h i c h  w e r e  p e rf or me d b y  switching the salt in the feed o n  a n d  off or b y  ch anging 
the salt we ig ht loss rate f r o m  0.3 to 0.5 a n d  0.7 mg/hr, in order to establish the role of the 
salt in the reaction m e c h a n i s m .  W a t e r  v a p o u r  temperature could b e  m e a s u r e d  in the bubblers 
a n d  the water va p o u r  production could b e  controlled b y  heating or cooling the water bath 
containing the bubblers.
3.1.2c E l e m e n t  M a p p i n g
S c a n n i n g  Electron M i c r o s c o p y  ( S E M )  linked e l em en t m a p p i n g  techniques provided a clearer 
i m a g e  of the sorption process within pellets. T h e s e  techniques are described in A p p e n d i x  IV. 
T h e  preparation of the pellets for the S E M  analysis w a s  d o n e  b y  v a c u u m  m o u n t i n g  in a 
mixture of epofix resin an d  epofix hardener followed b y  careful grinding in n o n - a q u e o u s 
media, such as glycol, a n d  polishing with a meth an ol -b as ed lubricant. T h e  grinding papers 
used in sequence w e r e  500, 1 2 0 0  and 2 4 0 0  p m .  T h e  polishing cloths us ed w e r e  6 p  D U R  a n d  
lp M O L .  T h e  duration of grinding a n d  polishing a n d  the n u m b e r  of times that each cloth 
w o u l d  b e  us ed w a s  not standard, as at the e n d  of ea ch step the s a m p l e  w a s  c h ec ke d u n d e r  an 
optical microscope. T h e  reason for that w a s  that the pellets w e r e  very fragile a n d  pieces could
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easily be removed during the cutting procedure, leaving a rough sample surface.
I m a g i n g  of distribution patterns for selected elements, primarily sodium, potassium, 
al uminium, silicon a n d  calcium, in Fuller's Earth a n d  kaolin pellets w a s  accomplished with 
both E n e r g y  Dispersive X - r a y  Analysis ( E D S )  a n d  W a v e l e n g t h  Dispersive S y s t e m  ( W D S )  
scanning methods. D a t a  w a s  collected simultaneously overnight o n  four elements, with W D S  
assigned to the primary alkali ( N a/ K) to achieve m a x i m u m  i m a g e  enhancement. Digital 
m a p p i n g  w a s  used to generate hard copies of the output through a colour video processor. T h e  
acquisition times us ed w e r e  0.8 s for the E D S  sy s t e m  a n d  0.5 s for the W D S  system a n d  the 
electron b e a m  w a s  accelerated to an energy of 10 k e V .  T h e  intensity of these colour i m a g e s  
gives a n  adequate representation of the relative surface concentration of a n  element across a 
section of the pellet.
3.1.2d Specific surface area m e a s u r e m e n t s
T h e  pellet surface area m e a s u r e m e n t s  w e r e  p e r f o r m e d  o n  a 1 0 0 C X  O m n i s o r p  instrument. 
Pellet surface w a s  evaluated b y  the Brunauer -E mm et t- Tel le r ( B E T )  equation. Static a n d  the 
d y n a m i c  m e t h o d s  w e r e  both used for the measur em en ts . T h e  technique is described in 
A p p e n d i x  V.
3 .1 .2 e Grain size m e a s u r e m e n t s
T h e  initial grain size m e a s u r e m e n t s  w e r e  obtained u n d e r  an optical mi cr os co pe for the t w o  
pellet sizes, 0.425-0.5 a n d  0.5-0.6 m m ,  u s e d  in the fixed b e d  experiments. T h e  pellets w e r e  
m o u n t e d  in resin a n d  us ed for these m e a s u r e m e n t s  before they w e r e  used for S E M .  T h e  pellet 
sizes a n d  a  r a n d o m  n u m b e r  of grains per pellet w e r e  measured. A n o t h e r  m e t h o d  used w a s  
with the secondary electron im ag es obtained b y  S E M ,  w h i c h  w e r e  re-photographed a n d  via 
O P T I M A S  5.2, a Digital I m a g e  Analysis package, the grain-size distribution in a pellet could 
b e  determined. D e r i v e d  grain diameters w e r e  determined b y  m e as ur in g the m a j o r  axis length 
of the grain projected area o n  the plane of the cut.
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3.1.2f X-ray diffraction studies
X - r a y  p o w d e r  diffraction is a fingerprint m e t h o d  w h i c h  can give an indication of the phases 
present in a p o w d e r .  X - r a y  p o w d e r  diffraction studies w e r e  obtained o n  r a w  Fuller's Earth 
p o w d e r  a n d  o n  both calcined a n d  treated Fuller's Earth pellets. Treated pellets f r o m  the high- 
acid a n d  the non-acid 6 0 0  hr runs w e r e  us e d  a n d  for the non-acid run these w e r e  further 
divided into dark a n d  light pellets for separate examination.
3.2 RESULTS
T h e  results obtained f r o m  the a b o v e  studies are presented in this section a n d  will b e  discussed 
in Ch ap te r 6 .
3.2.1 Alkali Sorption Studies 
3.2.1a T h e  F i xe d B e d  R i g
Modifications to the fixed b e d  rig p r o v e d  highly effective. T h e  stability of control of alkali 
vaporisation e v e n  for the 6 0 0  hr runs w a s  excellent. T h e  m e a s u r e d  overall value for the rate 
w a s  0.299 m g  h r 1 c o m p a r e d  to the required value of 0.3 m g  hr" 1 an d  the calculated total 
w e ig ht loss agreed with the direct we ig h i n g  of the crystal to within 0.05 m g .  This w a s  partly 
d u e  to the technique of tare adjustment us e d  to maintain the microbalance in its m o s t  stable 
operating range of 0-30 m g .  G a s  leaks w e r e  eliminated to give a N 2 material balance to 
± 0 . 5 % .  M a s s  balance w a s  i m p r o v e d  dramatically a n d  m o r e  than 9 9 %  of s o d i u m  vaporised 
w a s  accounted for b y  chemical analysis. T h e  use of Nextel a l um in a w o o l  pads for capturing 
alkali in the exit gas has significantly simplified analytical procedures in this respect. 
T e m p e r a t u r e  control of all heating elements is better than ±0.5°C, resulting in stable, 
reproducible operation over long periods. T e m p e r a t u r e  differences within the fixed b e d  w e r e  
r e du ce d a n d  their values m e a s u r e d  (radial a n d  axial) in a 15 m m  b e d  w e r e  of the order of 
1.5°C. Revision of the c o m p u t e r  control a n d  data handling p r o g r a m  considerably e n h a n c e d  
the overall performance.
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3.2.1b Single-Layer Tests
A mixed single-layer test with Fuller's Earth and kaolin was performed in order to evaluate 
both sorbents simultaneously. The mixed single layer of Fuller's Earth and kaolin pellets 
treated with 50 ppmv (65 ppm wt) HCI, resulted in sodium uptakes of 3.48 %wt and 11.38 
%wt respectively. This compares with 5 %wt and 9 %wt in the absence of acid. The high 
acid, single-layer test performed with CRE pre-treated Fuller's Earth pellets and reference 
pellets, gave uptake values of 5-6 % wt for both types of pellets. Further, the background 
level of sodium of the CRE pre-treated pellets is almost the same as that of the reference 
Fuller's Earth pellets (0.26 and 0.23 %wt respectively). All the single-layer results are 
presented in Table A.II.3.
3.2.1c Alkali Uptake Profiles at 650°C
The mass balance obtained from the first run at 600°C was poor. The maximum sodium gas 
phase concentration was limited to 0.82 ppm wt (or 1 ppmv, NaCl : 2.09 ppm wt) by the low 
operating temperature. At 650°C the 200 hr tests with 160 ppmv (208 ppm wt) HCI gave 
sodium uptake values at the top of the bed of 3.24 %wt for sodium and 2.75 %wt for 
potassium. Detailed results for the alkali uptake values along the fixed beds are given in 
Tables A.II.4 & A.II.5. The alkali concentration profiles are given in Figure 3.3. The 200 hr 
run with sodium gave a poor mass balance, which can be attributed mainly to inexperience 
in the experimental techniques. The results of the 400 hr run showed an uptake value of 4.3 
%wt at the top of the bed. Detailed results are given in Table A.II.6 and the uptake profile 
is shown in Figure 3.4. The experimental outlet sodium concentration was estimated 5.5 ppb 
wt and the closure of the sodium mass balance was 95%. For the 600 hr run, a maximum 
uptake value of 3.7 % wt (Table A.II.7) was obtained and the sodium profile was better 
developed compared with the 200 and 400 hr profiles (Figure 3.4). The estimated outlet 
sodium concentration was 5.7 ppb wt, which was similar to the 400 hr result. The closure of 
the sodium mass balance was 99%. For the non-acid 600 hr run, a maximum uptake value of
14.6 %wt was obtained (Table A.II.8 and Figure 3.5), while an non-uniform colour change 
of Fuller's Earth pellets was observed at the first layers of the fixed bed. A stable alkali rate 
was maintained at 0.3 mg/hr over the 200, 400 and 600 runs and results show that the 
calculated total weight loss from run data agrees with direct measurements on the crystal to 
within approximately 0.1%.
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Figure 3.5 : Experimental Uptake Sodium Profile for the Non-acid and High-acid 600 hr
Runs.
3 .2 .2  S o rben t C haracterisation  and  A n a ly sis  
3.2.2a Chemical Analysis
The polypropylene volumetric flasks initially used for alkali analysis by AAS, in some cases 
produced volumetric errors of up to 1%, whereas the new PMP flasks reduced this by a factor 
of 10. The new heating block improved the safety of the digestion procedure and the heat 
transfer to the teflon beakers. As a consequence, there was no deposition of the material on 
the walls of the beakers during the digestions. The use of aluminium boats as weighing 
devices, improved the weighing accuracy to ±0.02 mg by eliminating the electrostatic effects. 
By using the vacuum probe assembly and the traveling microscope, the accuracy of the layer 
depths measurements was improved to ±0.1 mm, a significant improvement compared to the 
distance from the layer weight and the measured mass of solid per unit length of bed (Table 
A.II.9). Due to the present analytical procedure and the better equipment used, very accurate 
results were obtained (Table A.II.2).
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3.2.2b Exit Gas Analysis
The electrochemical cell appeared to be sensitive to water, but always followed a certain 
pattern. Whenever water was introduced in the system, the cell response was shifted from the 
'No Water' baseline (Figures A.III.2-3). The same response was observed for different water 
vapour temperatures and with two different cells. In most of the experiments performed, the 
water baseline was first established and then the salt temperature was increased. Figures 
A.III.4 and 5 demonstrate the HCI cell response in the presence of both water and salt.
When the salt weight loss rate was decreased from 0.7 to 0.5 mg/hr, the corresponding HCI 
response decreased as well (Figure A.III.5). When salt vaporisation was stopped, the HCI 
response curve fell slowly until it reached the water baseline (Figure A.III.6). By increasing 
the water temperature, the HCI response curve was shifted (Figure A.III.5). The HCI response 
curve was almost flat when no water was introduced in the system and only salt was produced 
(Figure A.III.7).
Drager tube tests have been performed simultaneously with the electrochemical cell tests. 
Although the Drager tube tests can generally only give approximate results, they have 
confirmed the results obtained by the cell. Used Drager tubes are shown in Figure 3.6. The 
scale values should be divided by 2 because the measuring range selected was 0.5 to 5 ppmv. 
A Drager test tube (c) showed 1 ppmv HCI being produced, when the bed was exposed only 
to sodium for 9-10 hrs. When H20  was introduced in the system after the bed was exposed 
only to NaCl (0.7 mg/hr) for 9-10 hrs, 4 ppmv of HCI were produced (tube (a)). Salt 
production of 0.3 mg/hr gave a result of 2 ppm HCI (tube (b)). The fourth tube (d) is a blank, 
presented only for comparison reasons. Water leaks were identified and eliminated from the 
system. One was found to be a heat exchanger water line, which was preheating the main gas 
line before it was entering the rig.
3.2.2c Element Mapping
Excellent results were obtained with SEM/EDS/WDS scanning methods. The secondary 
electron images of Fuller's Earth and kaolin pellets clearly illustrate the pellet structure and
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Figure 3.6 : Drager Tubes that indicate the Presence of HCI with the Yellow Coloration
the grain shapes and sizes (Figures A.IV.4-6). Although both were made on a pan pelletiser, 
the kaolin pellets have a layered structure unlike the agglomerated porous structure of Fuller's 
Earth pellets.
Element mapping of sodium, potassium, aluminium and silicon are evenly distributed in 
untreated pellets, but calcium is confined to discrete regions. Treated Fuller's Earth and kaolin 
pellets exhibit very different sorption patterns. In Fuller's Earth pellets, sodium has diffused 
throughout the pellet and then started reacting with the individual grains (Figures A.IV.7,9). 
In kaolin pellets, sodium reacted only at the periphery of the pellet and did not diffuse in the 
whole structure (Figures A.IV.8,10). Carbon mapping of CRE treated pellets was not 
successful because of the carbon containing mounting resin. However, results indicate that 
although the pellets are blackened on the surface, little carbon penetrates the interior of the 
grains and sorption of alkali proceeds satisfactorily through the surface barrier (Figure 
A.IV.15). The potassium treated Fuller's Earth pellets seem to follow the same sorption pattern
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as sodium (Figure A.IV.16). Sodium maps of Fuller’s Earth pellets and grains from different 
layers of the sorbent bed, show the gradual decrease of sodium along the bed (Figures 
A.IV.9,14). No structural difference is observed between the dark and the light-coloured 
Fuller's Earth pellets after the 600 hr non-acid run (Figures A.IV. 19.20). Linescans, that were 
performed across Fuller's Earth grains, can also give information on the alkali sorption pattern 
(Figures A.IV.12,18).
3.2.2d Specific surface area mesurements
The surface area of calcined Fuller's Earth pellets, with diameter 0.5-0.6 mm and after 
calcination, was found to be 0.54 m2g_1. The static method result was used because it is more 
sensitive, thus it can give more accurate results for low surface areas.
3.2.2e Grain size measurements
The pellet and grain sizes measured under the optical microscope are presented in detail in 
Table A.VI.l. The measured mean pellet diameters were 0.400-0.525 mm for a nominal size 
of 0.425-0.5 mm, and 0.575-0.625 mm for a nominal size of 0.5-0.6 mm. The corresponding 
measured mean grain diameters were 0.030±0.003 mm and 0.044±0.010 mm. An example of 
the preliminary grain size distribution measurements for a 0.5-0.6 mm pellet is also presented 
in Figure A.VI.2.
3.2.2f X-ray diffraction studies
From X-ray powder diffraction studies, calcium montmorillonite, as expected, was identified 
in the raw Fuller's Earth powder. The calcined Fuller's Earth appeared to be mostly 
amorphous. In the high-acid treated Fuller's Earth, albite (Na20.A l20 3.6Si02) and quartz were 
identified. More characteristic, identical fingerprints were obtained from the dark- and light- 
coloured pellets, indicating the presence of nepheline (Na20.Al20 3.2Si0 2) and quartz. The 
values of the d-spacings measured for the identification of the phases present, are given in 
Tables A.VII.1-3.
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3.3 SUMMARY
The experimental work completed in this project included single-layer and packed bed tests 
performed in the fixed bed rig, originally built by McLaughlin and subsequently modified for 
experiments at 650°C. The getter materials tested in the single-layer tests were Fuller’s Earth, 
kaolin and gasifier pre-treated Fuller's Earth pellets, whereas packed bed tests were performed 
only with Fuller’s Earth. The gas composition used was 4.58 ppm wt NaCl (1.8 ppm wt Na), 
5 %vol H20 , 0-160 ppmv HCI and N2 as the carrier gas. One packed bed test was also 
performed with KC1 as the alkali salt at a concentration of 4.58 ppm wt.
Due to improvements obtained in the chemical analysis for the captured Na in the getter 
material and the great care taken to avoid leaks and to establish a stable rate of salt 
production in the rig, very accurate experimental results were obtained. The 600 hr high-acid 
mn was the most accurately analysed with a 99% Na mass balance being achieved. The 
gasifier pre-treated, carbon-coated Fuller's Earth pellets exhibited the same Na uptake as the 
calcined Fuller's Earth pellets, while kaolin seemed a very promising getter for use at 650°C.
Drager tubes and an electrochemical cell were used for monitoring HCI concentration in a 
series of preliminary exit gas analysis tests. The results confirmed that the HCI production 
was directly connected with the presence of NaCl vapour in the system and that its rate of 
production was enhanced by H20  vapour. SEM/EDS/WDS analysis was used to give a better 
idea of the getter pellet structure and the alkali distribution in the reacted material. From the 
pellet structure images, via an image analysis package, preliminary grain size distribution 
studies were obtained. Specific surface area measurements showed that calcined Fuller's Earth 
pellets have a low surface area. X-ray studies indicated albite to be the most likely solid 
product for high-acid conditions and nepheline for non-acid conditions.
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C H A P T E R  4
THEORY AND PARAMETER ESTIMATION
A theoretical description of the physical and chemical processes is necessary in order to be
able to extrapolate with confidence, the process performance under conditions other than the 
experimental ones. The basis on which a theory will be accepted as appropriate, taken from 
a comparison of experimental results with theoretical predictions. The equations involved in
sorbent, are presented in this chapter. The same general theoretical approach for the alkali 
sorption process has also been used by McLaughlin (1990). The estimation of the parameters 
used in the theoretical description, is also presented at the end of this chapter.
4.1 THEORY
4.1.1 Fixed B ed M odel
The alkali sorption model for a fixed bed is based on the following convective mass balance 
over the interparticle gas phase of a bed section (Figure 4.1), which can be expressed in the 
form :
the theoretical description of a fixed bed sorber and in the alkali retention by the solid
-,i d z 2 d z  d t  eb d t
(4.1)
and is based on the principle that : 
(in - out) + (in - out) = 
due to due to
axial dispersion convection
accumulation + loss through 
in gas phase accumulation
in solid getter
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where Ci0 = gas concentration of component i in the bed voidage [mol cm'3]
Csj = concentration of sorbate i in the solid per unit weight of initial solid 
[mol g'1] 
t = time [s]
z = axial position along the fixed bed [cm]
Daxi = axial dispersion coefficient of component i [cmV1] 
u = superficial velocity [cm s*1]
CO = bulk density of the solid [g cm"3]
eb = interpellet porosity (bed voidage) [dimensionless]
ep = intrapellet porosity [dimensionless]
The assumptions used for the convective mass balance are
1) Isothermal operation
2) No wall effects or radial dispersion
3) Negligible pressure drop across the sorbent bed
The validity of the above assumptions for the case examined in this study will be discussed 
later in Chapter 6.
The initial and boundary conditions of the above mass balance are
at t = 0 and z > 0 : Ci0 = 0 (4.1a)
at z = 0 and t > 0 : Ci0 = Cfeedi (4.1b), and
u (Q ,o  - Cfeedti) =  - £b D Mi d ci0/dz (4.1c)
where Cfeed i = feed concentration of component i [mol cm'3]
L = length of the fixed bed [cm]
The alkali sorption process has been described (McLaughlin, 1990) to occur by a two-reaction 
scheme, where both reactions are reversible and first order with respect to NaCl. This scheme 
is adopted here for modelling the process and the two reactions are given by
N a C l {g) + - |« 2° (3) +b1R e a c t a n t 1:(a) * P r o d u c t 1: (s) +HCI (g) (4
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NaC1 (<?) +^ H2°(s) +b2Reactant2i(s) -Pzoduct2i +HC1 {g) (4.3)
where (g) and (s) denote gas and solid state respectively, and 
b, and b2 = stoichiometric coefficients
Cross-sectional 
area =  S
Accumulation ot 1 
( =  0, for steady state)
Disappearance of 1
Figure 4.1 : Flow of Gas Component i through a Bed Section of Length 8z (Levenspiel,
1972)
Thus, the gas components of the present system are NaCl, H20  and HCI, where NaCl and 
H20  are the reactants and HCI is the product. The accumulation of alkali (Na or K) in the 
sorbent is due to the two reactions and will be calculated from the pellet-grain model (Szekely 
et al, 1976; Levenspiel, 1972) described subsequently, while the accumulation of alkali in the 
gas phase is due to the bed voidage (sb) and will be calculated from the convective mass 
balance for the fixed bed, which is solved with the "tanks-in-series" method. The "tanks-in- 
series" method of solution will be described in Chapter 5.
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4c 1.2 Pellet-Grain Model
The reaction between a porous solid and a gas, leaving a porous solid product, is an important 
problem that is frequently encountered in many chemical and metallurgical processes. One 
of the models used for the description of reaction systems, is the pellet-grain model, originally 
described by Sohn and Szekely et al (1972), where the grains are located in the pellet pore 
structure and reactants diffuse from the bulk gas across a surface film, through the pores, into 
the grains and through to the reaction interface. Gaseous reaction products diffuse out in the 
reverse direction. The model is described diagramatically in Figure 4.2 and it deals with the 
capture of alkali by getter particles.
The extent of reaction within a solid pellet for this system is described by a modification of 
the pellet-grain model for a gas-solid reversible reaction which is first order with respect to 
the gaseous reactant. This model was extended by McLaughlin (1990) to two simultaneous, 
first order, reversible reactions.
4.1.2a Assumptions
The assumptions that were made by Szekely et al. (1976) for the derivation of this model, 
which are open to criticism, are the following :
1) The system is isothermal.
2) The pseudo-steady state approximation is appropriate for describing the concentration of 
the gaseous reactants within the pellet.
3) The solid structure is macroscopically uniform and is unaffected by the reaction.
4) Diffusion within the pellet is either equimolar counterdiffusion or at low concentration of 
the diffusing species, and the effective diffusivities of gaseous reactant and product are 
equal and uniform throughout the pellet.
5) Convective mass transfer within the pellet can be considered negligible.
6) The reaction is first order with respect to the gaseous reactant, NaCl, and independent of 
local conversion of solid so long as there remains some unreacted solid.
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The next two assumptions were made initially by Szekely et al (1976) for simplicity, in order 
to derive the equations describing the process, but were relaxed later :
7) The resistance due to external mass transport is negligible.
8) Diffusion of the gaseous reactants through the product layer of the individual grains 
is not rate-limiting.
The above assumptions will be discussed further in conjunction with the experimental work 
in Chapter 6.
4.1.2b Model Equations
To find the accumulation of sodium in the solid, the equations for the conservation of the 
gaseous reactant and product in a pellet were combined with a mass balance for the solid 
reactant for each reaction. For the conservation of the solid reactant, it was assumed that 
within each grain the reaction front retains its original geometrical shape (assumed spherical) 
for successive times. When the intrinsic chemical reaction rate is controlling, the concentration 
of the fluid reactant will be constant everywhere and the reaction will occur uniformly 
throughout the volume of the solid (Figure 4.3). Then the local rate of a reversible reaction 
at a solid surface, first order with respect to gaseous species, when chemical reaction controls, 
may be expressed as:
- p e^ f = b k e {Cm c l i0 - D ^ )  (4.4)
where rc = radius of the unreacted core in a grain [cm]
k s = reaction rate constant group based on unit area of reaction interface [cm s'1]
Ke = equilibrium group [dimensionless] 
ps = sorbent density [mol cm'3]
The local (position-dependent) rate of consumption of gaseous reactant in a unit volume of
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pellet is proportional to the local rate of consumption of solid reactant per unit volume of 
pellet.
Figure 4.3 : The Pellet-grain Model for the case of a Solid undergoing Reaction under 
Conditions of Chemical Reaction Rate Limitation.
When the resistance due to pore diffusion, is controlling (Figure 4.4), the reaction occurs in 
a narrow zone separating the unreacted core and the completely reacted layer, where the 
gaseous reactant concentration takes on its equilibrium value. This situation is identical to the 
diffusion-controlled shrinking unreacted-core system for a non-porous solid (Levenspiel, 1972) 
and the rate of reaction is given by
1  1 dR
Pb(1 C*} ( R L ) R2  d t  bDP {C^ l t o * ? '° )  ( 1+t  )
JC
(4.5)
where Dp = intrapellet diffusivity [cm s ]
R = spatial coordinate measured from the center of the pellet [cm] 
Rp = pellet radius [cm]
When diffusion through the product layer in the grains controls, the rate of consumption of 
the reactant gas at any instant is given by its rate of diffusion to the reaction surface
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where Dg = diffusivity through the product layer in a grain (intragrain diffusivity) [cmV1] 
rg = grain radius [cm]
The derivation of this equation comprises two parts. In the first part, the unreacted core was 
stationary when considering the concentration gradient of the reactant gas at any time, while 
in the second part of the analysis, the size of unreacted core could changes with time and the 
concentration gradient of the reactant gas remains constant (Levenspiel, 1972).
Rodiol Position
Figure 4.4 : The Pellet-grain Model for a Solid undergoing Reaction under Conditions of
Pore Diffusion Control
Assuming that the concentration driving force is constant at all times during the reaction of 
the pellet, when diffusion through the external gas film controls, the rate of reaction is given 
by
( i )  (4.7)
where kg = gas film mass transfer coefficient [cm s'1]
The above conversion-time expressions assume that a single resistance controls throughout 
the reaction of a pellet. However, the relative importance of the gas film, product layer, pore 
of the pellet and reaction steps will vary as conversion progresses. For example, for a constant 
size particle the gas film resistance remains unchanged, the resistance to reaction increases 
as the surface area of unreacted core decreases, while the product layer resistance is non­
existent at the start because no product is present, but becomes progressively more and more 
important as the product layer builds up. In general, then, it may not be reasonable to consider 
that just one step controls throughout reaction.
The conservation equations of the gaseous reactants and products in the pores of a pellet (pore 
fluid balance) were written as (Szekely et al, 1976):
- f i + l k  (4-8)
X \ d p 4 s  0jR2 p d R
(4.9)
where r, NaC1= local rate of consumption of the gaseous reactant (NaCl) per unit volume of a 
pellet [mol cm'3 s'1]
Ahci = l°cal rate generation of the gaseous product (HCI) based on unit volume of 
a pellet = r1NaC1 [mol cm'3 s'1]
N^aci.p & CHcilP = gas concentrations of NaCl and HCI in the pores of a pellet 
[mol cm'3]
The boundary conditions for the above equations, written only for NaCl, are the following
at t = 0 
at R = 0 
at R = Rp
^-'NaCl.p “  0  
^^NaCl,p / 8 R .  =  0
(4.8a)
(4.8b)
N^aci.p -  CNaCis and Dp(3CNaClp/3R) -  kg[CNaC10 - CNaCls] (4.8c)
where CNaC1>s = gas NaCl concentration at the exterior surface of a pellet [mol cm’3]
80
The local, position-dependent rate of consumption of gaseous reactant in a unit volume of 
pellet is given for first order kinetics (Szekely et al, 1976):
'-e^uc, H C I  L’aol , p x )  (4.10)
Considering CsoU, Csolpr and CH20 as constant
(4.11)
where k s = reaction rate constant group based on unit area of reaction interface = KsCsolCH2Q1/2
Ks = intrinsic forward reaction rate constant [(cm s'1)(cm3 mol"1)3'2]
K s = intrinsic backward reaction rate constant [(cm s^Xcm3 mol'1)]
Kc = equilibrium constant based on concentrations = (KsCsolJ) / (K sCsolpr) = /cs'//c.s' 
[(mol cm'3)'1/2]
Csokr = concentration of the solid reactant [mol cm'3]
Cjoi pr = concentration of the solid product [mol cm'3]
Ke = equilibrium group = Kc[CH20]l/2 [dimensionless]
CUCjNaci = reactant gas concentration at the surface of the unreacted core in a grain 
[mol cm'3]
CucflCi = product gas concentration at the surface of the unreacted core in a grain 
[mol cm'3]
CHlQ = concentration of water vapour at the surface of the unreacted core in a grain 
[mole cm'3]
= reaction interfacial area per unit volume of grains = 3(l-sp)rc2/rg3 [cm2 cm'3]
The mathematical representation of these systems led to a set of simultaneous differential 
equations which had to be solved numerically. In complicated systems, it is quite often 
desirable to work with dimensionless groups because such treatment provides both
= k'sCHlQm  [cm s'1]
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an overview of the interaction of the various parameters and a convenient framework for the 
interpretation of the dimensionless groups' values. Consequently, Szekely et al. in order to 
recast the pellet-grain model in a dimensionless form, defined initially a dimensionless 
concentration driving force for reaction, \j/, a dimensionless local extent of reaction for the 
solid reactant, and a dimensionless position in the pellet, T|, as follows when spherical 
geometry is assumed :
where CNaC10 & CHC10 = concentrations of the gaseous reactant and product in the bed voidage 
[mol cm'3]
Ag & Ap = surface area of a grain and a pellet respectively [cm2]
Vg & Vp = volume of a grain and a pellet respectively [cm3]
The assumption that the diffusion of the gaseous reactant through the product layer around 
the individual grains, is very fast compared with the rate of interfacial chemical reaction, is 
valid when the grain size is very small. However, for a system with large grains or fast 
reactions, the effect of intragrain diffusion may be significant (Pigford et al, 1973; Szekely 
et al, 1973). When the effect of intragrain diffusion is taken into account, the conservation 
equation of the gaseous reactant within the pellet in a dimensionless form is :
(4.12)
Agj:c) / ( 3 V g) (4.13)
t| * A p R / 3 V p (4.14)
p L - i B a H ^ /  [ l - o / g ' ( 5 )  ]}*=0
OT]
(4.15)
82
where
o - o *2 _ ,rp2 ( l - e p ) k t 
1 8 6 D p r 3 (1+LJ
(4.16)
0 =
3 v ;+= p ( l - € p ) ic g A g / „ , 1— ------------- _ _ d  + uL) (4.17)
a p  N Dp V  ^
and,
where Gg = dimensionless group, which incorporates chemical reaction and diffusion 
through the product layer effects,
g \  a  = dimensionless generalised gas-solid reaction groups, which incorporate both 
kinetic and structural properties, and 
q ©  = l-3f;2+2i;3
The function q(£) describes the progress of reaction of a grain under product layer diffusion 
influence.
The rate of movement of the reaction interface within a grain can be written for the first order 
reaction as follows
0 J /a t*  = - i | r [ l - c v V d ) ] " 1 (4.19)
The boundary conditions associated with the conservation equations of the gaseous and solid 
reactants, assume that all the grains are initially unreacted, the reactant concentration at the 
outer surface of the pellet is determined by mass transfer across the gas film surrounding the 
pellet and that the concentration profile of reacted alkali is symmetrical about the center of
83
the pellet. The boundary conditions, expressed mathematically in a dimensionless form are
for all r\ and t* = 0 : % = 1 (4.19a)
for tj = 1 and t*> 0 : d\\f/dr\ = Sh*(l-\j/) (4.19b)
for r| = 0 and t*> 0 : d\\f/dr\ = 0 (4.19c)
where Sh* = modified Sherwood number = (kg x Rp) / Dp !
The second boundary condition is used when external mass transport is taken into account; 
otherwise when the reactant concentration at the outer surface of the pellet is maintained at 
the bulk gas reactant concentration, then
Tj = 1 and t*> 0 : \ | /  =  1 (4.19d)
In Equation (4.19) :
r s ^ r {T v ] t  (4.20)
H b  g  e
The dimensionless representation of the governing equations shows that the concentration 
driving force for reaction, \|/, and the local extent of reaction of the solid reactant, are 
related to the position in the pellet, tj, and time t* through a single parameter G*. This 
parameter G* incorporates both kinetic and structural properties and is a measure of the 
relative magnitude of chemical reaction and diffusion rates. As g *, approaches zero (g*<0.3), 
the process is reaction controlled and as it approaches infinity (g*>3.0), the process is pore 
diffusion controlled (Evans et al, 1973; Szekely, 1976). G* can be interpreted as a 
dimensionless pellet size (Evans et al, 1974). Pellets with a small value of g * (<0.3) might 
be expected to react rapidly compared with pellets of large g * due to less hindrance of 
reaction from intrapellet diffusion in the smaller pellets. This behaviour was seen in the 
entrance regions of a fixed bed (Fig. 4.5, 4.6, 4.7). The extent of reaction at the entrance of 
the bed and e.g. for t*=l is highest for g*=0.3 and lowest for g*=3. Deep within the bed, 
however, the situation is reversed and for the same time and at the same position, the extent 
of reaction is highest for G*=3 and lowest for g*=0.3. This could be explained on the grounds 
that for a bed made up of the smaller, more reactive pellets, the gaseous reactant is depleted 
close to gas inlet. Consequently, pellets remote from the gas inlet have no opportunity to react
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until the pellets closer to the inlet are almost completely reacted.
Figure 4.5 : Fixed Bed Reactor : Extent of Reaction vs. Position in Bed for Reaction
Modulus = 0.3 (Evans et al, 1974).
Another important dimensionless parameter in the model is Gg2, which represents the ratio of 
the capacities for chemical reaction and for diffusion of the gaseous reactants and products 
through the product layer formed around the grains. This ratio is a special form of Damkohiler 
number II (chemical reaction generation to molecular diffusion mass transfer). When its value 
is bigger than 10, then the sorption process is expected to be controlled by the intragrain 
diffusion. When it is smaller than 0.1, then the effect of intragrain diffusion is negligible 
(Szekely et al, 1976).
In order to avoid the computational burden of solving the partial differential equations 
numerically, a useful approximation was developed (Sohn et al, (1974); Szekely et al (1976); 
Sohn, (1978)) based on the idea that :
time required to attain = time required to attain + time required to attain 
a certain conversion the same conversion the same conversion
under reaction control under intragrain diffusion control
+ time required to attain + time required to attain
the same conversion the same conversion
under intrapellet diffusion control under gas film mass transfer control
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Figure 4.6 : Fixed Bed Reactor : Extent of Reaction vs. Position in Bed for Reaction
Modulus = 1 .0  (Evans et al, 1974).
Figure 4.7 : Fixed Bed Reactor : Extent of Reaction vs. Position in Bed for Reaction
Modulus = 3.0 (Evans et al, 1974).
In this approximation each term is considered linear in concentration and all the resistances 
act in series. By introducing the dimensionless groups, the following equation can be used 
with an iterative procedure to calculate the pellet fractional conversion, Xg (Szekely, 1976; 
Evans and Ranade, 1980)
8 6
t *=g{ Xg)  + o 2p ( Xg )  +o2 [p{Xg)  + (2Xg/Sh*)  ] + (0 . 21X£T-0 . 31X g2) *
* ( l+ o 2) *exp{-0 . 9 [In  ( o / l . 08) ] 2} (4.21)
The terms on the right are the asymptotic expressions which can be related to conversion 
through simple relationships, the mathematical forms of which are given subsequently
(i) when chemical reaction controls
t *=g(Xg)  ^ l - d - X g ) 1'* (4.22)
(ii) when intrapellet diffusion controls
t * = o 2p{ Xg)  =a2 [1 -3  (l-Xgr) 2/ 3+2 (1 -Xg)  ] (4.23)
(iii) when intragrain diffusion controls
f = o g2p ( Xg)  =0/  [1 -3  (1 -Xg) 2/3+2 (1 -Xg)  ] (4.24)
(iv) when external mass transport controls
t * = 2 o 2Xg /S h *  (4.25)
The expressions for g(Xg) and p(Xg) have also been derived for a single non-porous, 
spherical particle in Levenspiel (1972). In these expressions, the fractional time for complete 
conversion (t/T) in terms of the unreacted core radius (rc) or the fractional conversion (Xg), 
is given by (i) above when chemical reaction controls, by (iii) above when intragrain diffusion 
controls and by (iv) when external mass transfer controls.
The last term in the expression of additive times, i.e.
{ Q . 2 1 X g - Q . 3 1 X g 2) (1 + 0 2) exp  ( -0  . 9 [In  ( a / 1 . 08) ] 2) (4.26)
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intermediate values of 0* (0.3<a*<3.0). This approximation for the Xg calculation agrees well 
with the analytical solution under the limiting conditions where only chemical reaction or 
diffusion controls. The asymptotic behaviour of the system has been examined (Sohn and 
Szekely, 1972) and provided useful guidelines, both for the range to be covered by 
computation and for the most convenient form in which the results may be presented.
The bulk gas concentration surrounding a pellet was assumed in Szekely's study to be 
constant. However, in a fixed bed the gaseous reactant and product concentrations are 
changing with time and position in the bed. A study on the time-dependent gaseous reactant 
concentration external to the pellet, has been performed by Evans and Song (1974).
4 .2  P A R A M E T E R  E S T I M A T I O N
The parameters used by the above mathematical expressions can be either measured by 
experiment, derived from literature or through fitting of the theory to the experimental results. 
It was also in the scope of this research project to examine the effect of temperature and 
pressure on the performance of alkali sorption since McLaughlin (1990) performed 
experiments at high temperatures, 827 and 927°C and his values could be of use at 650°C, 
where the present experiments have taken place. Specifications for an approximate design of 
the process at 600°C is of interest for industrial applications. As a result, including 
temperature and pressure in the model equations was necessary. The effects of temperature 
and pressure on parameters, that can be evaluated through theoretical correlations, can be 
easily assessed, whereas generally for measured parameters experiments are necessary at 
different temperatures and pressures.
4 .2 . 1  M e a s u re d  Param eters
The molar density of calcium montmorillonite, ps, was calculated by McLaughlin (1990) by 
using the molecular weight of its general chemical formula, Ca02Al16Mg04Si4Oi0, and the 
supplier's measurement of its actual density. The calculated value was 4.12x1 O’3 moles cm'3.
8 8
The measured mass of solid per unit length of bed, coAr, (where Ar=cross-sectional area of the 
reactor), was experimentally measured for each run in g of solid/mm length of bed. The 
values measured were 0.4067, 0.3563, 0.3663 and 0.3561 for the 200, 400, 600 (high-acid) 
and 600 (non-acid) hr runs, respectively (Table A.II.1). The superficial velocity was set to 10 
cm s*1 by industrial interest. The NaCl vapour production rate was held constant and measured 
to be 0.3 mg hr'1, which for a volumetric flowrate of 950 ml min'1, corresponds to 4.58 ppm 
wt (2.2 ppmv) inlet NaCl concentration. The HCI inlet concentration was varied from 0-160 
ppmv. The Fuller’s Earth Na uptake capacity was measured by McLaughlin and found to be
12.6 %wt under non-acid conditions and 4.5 %wt under high-acid conditions. The pellet 
porosity was measured by mercury porosimetry and the value found was 0.2 (McLaughlin, 
1990). Since these pellets were already fragile, it was not desirable to have more porous 
pellets since this would affect their crushing strength.
The pellet sizes used for experiments in this work, were a mixture of particles in the ranges 
0.425-0.5 mm and 0.5-0.6 mm diameter. In reality, in a fixed bed reactor it is unlikely that 
the pellets will be of the same size. Preliminary theoretical calculations were attempted by 
introducing two pellet sizes in the convective mass balance, in order to investigate the effect 
of a pellet-size distribution in a fixed bed reactor. These calculations are presented in 
Appendix VI. The grain diameter used by McLaughlin (1990) for pellets of 0.425-0.5 mm 
diameter, was 30 pm. This was confirmed in this work since grain diameters were measured 
for the same pellets, under an optical microscope and found to be 30±3 pm. For bigger pellets 
of 0.5-0.6 mm diameter, the grain diameter was 44±10 pm. In the pellet-grain model, it was 
assumed that the sorbent pellets consist of spherical grains of equal size, in order to simplify 
the model. However, in commercial pellets the above assumption may be poor and it could 
be necessary to make allowance for a grain size distribution. In Appendix VI, preliminary 
theoretical calculations for a grain-size distribution are also presented.
4 .2 .2  L ite ra tu re -d e r iv e d  Param eters
Parameters calculated from correlations in literature are the viscosity and density of the carrier 
gas, the molecular and the intrapellet diffusivity of the gaseous reactants and products in the
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carrier gas, the gas film mass transfer coefficient and the Re, Sc and Sh numbers.
The bed voidage used was 0.35, as this seems to be quite a common value in the literature 
for randomly packed beds (Ruthven, 1984). The viscosity of the bulk gas, N2, is independent 
of pressure at low pressures, whereas its value for different temperatures can be found either 
by interpolation from existing tables in the literature (Perry's, 1984; Handbook of Chemistry 
and Physics, 1974; Gas Encyclopaedia, 1976) or by the Chapman-Enskog relationship (Reid 
et al, 1977)
—— { w M f f R T ) 1 / 2 f W ~ T
u, = J ^  5 _______=26 .69  -3— ^  (4.27)
( n o  2) Q u o 2Q 0
where MN2 = molecular weight of N2 = 28.0134 g mol"1 
T = temperature (K) = 923 K
0^ = collision integral = f(T*) = 0.8358 [dimensionless]
T* = kT/eN2 = 9.1623 [dimensionless] 
k = Boltzmann constant = 1.3805xl0'23 JK'1
eN2 = characteristic energy (where the forces of attraction and repulsion between the 
molecules are balanced) = fCr^co^) = 1.3907xl0*21 J
a N2 = collision diameter (distance between molecules when the potential energy of
interaction is zero) = f(Tc,Pc,C0N2) = 3.659 K atm'1
Tc, Pc = critical temperature and pressure for N2 = 126.2 K and 33.5 atm
cOj^  = acentric factor for N2 = 0.04 [dimensionless]
The viscosity values of N2 found from interpolation and by the previous expression are 
376.47xl0'6 and 383.53xl0'6 g cm'1 s'1, respectively at 650°C.
The temperature and pressure dependence of the bulk gas (N2) density is taken from the ideal- 
gas law and is expressed as
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■ ^ a t m  1
P  2 7  2
where p = bulk gas density at the temperature and pressure of interest [g cm'3]
P273 = gas density at 273 K and atmospheric pressure = 1.2507xl0'3 [g cm'3] 
P,T = pressure and temperature of interest 
Patm = the laboratory working pressure (1 atm)
The density of nitrogen at 650°C calculated from the above expression, was found to be 
0.3699xl0*3 g cm'3.
The molecular diffusivity of NaCl in N2 in the temperature and pressure of interest can be 
calculated from the Chapman-Enskog realationship (Reid et al, 1977)
* o/o K M N a C l + M N )  / M N a C l M N ] 1 / 2DNaC1. N2=l . & 5 3 *1 0 - 3T * '2 -p & - (4.29)
® NaCl-N2 -D
where MNaC1= molecular weight of NaCl = 58.44 [g mol'1]
W N 2 = (eNacieN2),/2= 5.725xl0'21 J, where e, / k = 1.15Tb
Tb = normal boiling point [K] (for NaCl : 1686 K and for N2 : 77.2 K)
T* = kT / £Naci.N2= 2.828 [dimensionless]
<?Naci.N2 = ( N^aci + <^ n2) / 2 = 3.6969 K atm'1, where G,= 1.18Vb1/3 
Vb = liquid molar volume [cm3mol'1] (for NaCl : 27.098 cm3mol'1 and for N2 : 34.722 
cm3mol'1)
£2d = diffusion collision integral (dimensionless) = 0.9654 
The molecular diffusivity calculated from the above relationship is 0.9 cm2s'1 for the NaCl-N2 
system.
The molecular diffusivity, Dm, or specifically for the diffusion of NaCl in N2, DNaC1.N2, can be 
also calculated at the temperature and pressure of interest when it is already known at other 
conditions from the expression (Brodkey and Hershey, 1988) :
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(4.30)
where Dm = molecular diffusivity at the temperature and pressure of interest [cm2 s'1]
Dm0= known molecular diffusivity at T0 and P0 [cm2 s'1]
T, P = temperature and pressure of interest
T0, P0 = temperature and pressure for the known molecular diffusivity 
n = 1.75-2.0 (the value used in the model is 1.75)
The molecular diffusivity of NaCl in N2 at 650°C has been calculated as 1.0 cmV1 from the 
value used by Punjak (1988) at 800°C, and as 0.9 cm V1 from the value that Mulik et al 
(1986) used at 900°C. These values are very close to the calculation obtained by the 
Chapman-Enskog relationship.
The molecular diffusivity of HCI in N2 has been calculated by using the empirical correlation 
derived by Fuller et al (1966)
n _ 1 0 [  (MHC1+MN2) U2
where Xty = atomic and structural diffusion volume increments (Table 11-1 in Reid et al, 
1977) [cm3 mol'1]
The molecular diffusivity of HCI in N2, calculated from the above empirical equation at 
650°C, is 1.334 cmV1.
The effective diffusivity in the porous pellet, Dp, should be independent of the grain size, if 
diffusion within the pellet is in the molecular regime. If diffusion however, is in the transition 
or the Knudsen regime, the intrapellet diffusivity may be markedly affected by the grain size 
(Szekely and Evans, 1971). McLaughlin (1990) measured the mean pore radius to be 3.8 pm. 
At these relatively large pore diameters Knudsen diffusion can be considered negligible.
The temperature and pressure effect on the intrapellet diffusivity, D , is effectively calculated
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through the molecular diffusivity (Ruthven, 1984) from the expression :
(4.32)
where x = tortuosity factor
The tortuosity is defined as the relative average length of the flow path of a fluid particle; the
diffusion and varying pore cross section. Since the tortuosity is essentially a geometric factor, 
it should be independent of either temperature or the nature of the diffusing species. There 
is a general correlation between tortuosity and porosity (tortuosity varies inversely with 
porosity) and the higher tortuosity factors or low effective macropore diffusivities are 
generally found for highly compacted low-porosity pellets (Ruthven, 1984). Values of t were 
taken from the literature (Satterfield, 1970; Ruthven, 1984) and for alumino-silicates T takes 
values of 2-6. In this model, the mean value of 4 has been used. As a result, the intrapellet,
effective diffusivities of NaCl, H20  and HCI at 650°C are respectively 0.25, 0.47 and 0.33
2 -1 cm s \
For the estimation of the gas film mass transfer coefficient, kg, Reynolds, Schmidt and 
Sherwood numbers are calculated from the equations (Wakao and Funazkri, 1978)
length of the path to the length of the porous media and allows for both varying direction of
Sh= 2 . 0 + 1 .1  S c 1/3R e 0-6 (4.33)
(4.34)
P-Pm
(4.35)
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S h * D m
k * = - 2 R f  ^
where Re = Reynolds number 
Sc = Schmidt number 
Sh = Sherwood number
The temperature and pressure effects are taken into account through the known relationships 
for the density, viscosity and molecular diffusivity. At 650°C, the dimensionless numbers and 
the gas film mass transfer coefficients calculated for the two particle sizes used, are given in 
the Table 4.1.
4 .2 .3  F itte d  P aram eters
The stoichiometric coefficients, bj and b2, used for the two-reaction mechanism were both set 
to 1.0 (McLaughlin, 1990). The reaction rate constant, k s, the equilibrium group, Ke and the 
intragrain diffusivity, Dg, are parameters that cannot be set a priori and as a result they have 
to be estimated by fitting the theoretical model to the experimental results. Values were
Table 4.1 : Sc, Re, Sh, Sh* and kg for the two pellet sizes, 0.425-0.5 mm and 0.5-0.6 mm, 
at 650°C
Pellet size (mm) —» 0.425 - 0.5 0.5 - 0.6
Sc 1.018 1.018
Re 0.454 0.540
Sh 2.689 2.764
Sh* 5.374 5.528
kg 58.1 50.26
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obtained by McLaughlin (1990) at 827 and 927°C and by extrapolation could be used as 
initial estimates for the curve fitting at 650°C. Assuming that the reactions are elementary and 
can achieve dynamic equilibrium, extrapolation could be obtained by using the Arrhenius 
equation for k s (Smith, 1987),
k B=Ae ReaaT (4’37)
the Van't Hoff Equilibrium relationship for Ke
A w0
(4.38)
d l n K e _ a H°
and since intragrain diffusion is an activated process, the Arrhenius equation for Dg (Ruthven, 
1984)
Dg=D0e  R°aaT 4^“39^
or a correlation from Perry's (1984)
Dg- c T lm15 (4.40)
where A = frequency factor [cm s'1]
D0 = frequency factor [cm2 s'1]
E = activation energy [J mol'1] 
c = constant [cnris^K'1,75]
RGas = ideal-gas law constant [J moLK'1]
AH0 = enthalpy change (is assumed constant with temperature) [J mol'1]
This procedure for the parameter extrapolation can be considered only as very approximate, 
because of the very wide range of temperatures involved and the poor quality of data at the 
higher temperatures of 827°C and 927°C (McLaughlin, 1990), due to poor mass balances 
compared to the 650°C results.
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4.3 SCALE-UP
In large-scale power plant pressure drops must be minimised because they represent 
irreversible losses which reduce the overall efficiency of the plant.. In scale-up calculations, 
the pressure drop can be found from the Ergun equation for a ciertain Reynolds number 
(Ruthven, 1984). A dimensionless friction factor, f, is calculated as follows,
£  = (1 ~eb) /e% [ 15 0 (1 - eb) / R e + 1 . 7  5 ] (4.41)
where eb=bed voidage=0.35
Reynolds number is based on pellet diameter, superficial gas velocity and the bulk density and 
viscosity of N2. The temperature and pressure effects on N2 bulk density and viscosity were 
discussed in Section 4.2. Pressure drop in flow through packed columns is correlated to f with 
the following equation (Ruthven, 1984)
f = ( 2 R p / L r ) (A p /p u 2) (4.42)
where Ap=pressure drop [g cm'1 s2]
Lr=length of the reactor [cm]
Rp=pellet radius [cm] 
u=superficial velocity [cm s’1]
p=bulk gas density at the temperature and pressure of interest [g cm'3]
and
u = ~  (4.43)
A r
where Ar=cross sectional area of the reactor [cm2]
VF=volumetric flow rate of the flue gases [cm3s‘1]
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4.4 SUMMARY
The theoretical description of the alkali sorption model has been based on the convective mass 
balances for the gaseous reactants and products over the interparticle gas phase of a bed 
section. To solve the convective mass balance, a model that could describe the alkali retention 
by the aluminosilicate sorbent pellet was necessary.
The pellet-grain model, originally derived by Sohn and Szekely (1972), was used to describe 
the sorbent pellet conversion due to the alkali capture for two simultaneous, reversible 
reactions that contribute to the sorption process. To avoid the computational burden of partial 
differential equations describing the intraparticle processes, the law of additive times was 
used.
Most of the parameter values used in the model were assigned from published data or direct 
measurements. The rest of the parameters must be derived by curve fitting theoretical 
predictions with the experimental results. The temperature and pressure dependence of the 
parameters was also presented to enable the extrapolation of the model parameters to other 
desirable conditions.
In the pellet-grain model used, the pellet and the grain sizes were assumed uniform and their 
shape as spherical. To evaluate in future, the effect of the pellet and grain-size distributions, 
preliminary theoretical calculations are presented in Appendix VI. In addition to the fixed bed 
model presented, the pressure drop concept is introduced for the scale-up calculations.
97
CHAPTER S
In this chapter, the numerical methods used to solve the system of equations that describe 
the alkali sorption process for a fixed bed and the computer programs developed are 
presented. All possible validation and checking of both the model and the solution technique 
are required to help ensure that the final, full-scale process will work as expected.
Initially, the original program, written by McLaughlin (1990) is described together with the 
modifications and improvements made in this work. Secondly, an attempt to use a dynamic 
modelling environment, gPROMS, is described because, despite being only partially 
successful, the attempt illustrates the care required to implement a robust and accurate 
solution of the model. Thirdly, a new computer program is presented, based on the same 
theory used by McLaughlin but utilising different numerical methods to solve the model 
equations. The results are presented and compared with respect to the numerical methods 
used.
Fourthly, the experimental uptake concentration profiles of Na along the fixed bed act as a 
basis for the extraction of values for parameters such as reaction rate constants, intragrain 
diffusivities and equilibrium group constants by comparison with the theoretical profiles. 
Fifthly, a sensitivity analysis is presented which shows which parameters have the most effect 
on the fitting process. Finally, some results from scale-up calculations using the new model 
are described.
5.1 NU M ER IC AL M ETHODS
5.1.1 The M cLaughlin program
McLaughlin (1990) wrote a computer program in Fortran77, which by combining the pellet- 
grain model and the "tanks-in-series" approximation for the fixed bed (Figure 4.2) can
NUMERICAL METHODS AND RESULTS
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simulate the alkali sorption process under study. In the pellet-grain model, the Szekely 
approximation (Eq. 4.21) is solved for the pellet conversion, Xg, by the Newton-Raphson 
method. As the present model involves two simultaneous reactions (Eq. 4.2 and 4.3), this 
procedure is repeated twice and each pellet conversion term, multiplied with the 
experimentally measured capacity for each reaction, gives the uptake of Na by the sorbent for 
each reaction (Punjak, 1988). These values are added to give the overall amount of Na 
captured per unit weight of unreacted solid for a section of the fixed bed :
where m = weight of Na in the solid per unit weight of unreacted solid
Kj = weight of Na in the solid at saturation due to reaction j per unit weight of 
unreacted solid (reaction j)
Xgj = fractional conversion of the solid pellet due to reaction j = weight of Na reacted 
per unit weight of Na in the solid at saturation 
The "tanks-in-series" solution, which is described in detail in the next paragraph, was used 
to solve the sodium convective mass balance over a bed section and a time interval.
The secant method is used to solve the convective sodium mass balance over a tank and 
calculate the tank exit gas concentration (Cout). When the material balance closes, the next 
tank is considered over the same time interval, with the exit gas from the current tank 
becoming the inlet concentration for the next tank downstream. Once the mass balance for 
each stage has been solved, another step is made in time and the process is repeated, starting 
from the gas inlet end of the bed again. Thus, the program generates a profile of solid sodium 
uptake concentration against the cumulative solid weight in the bed.
The program has been developed in this work to include an optimisation mode, where the 
model profile is fitted to one or more experimental profiles supplied by the user. When in 
optimisation mode, model predictions of concentrations are compared with measured values 
and an optimiser routine (NAG Library, E04JAF) minimises the sum of squares of errors. 
This is achieved by adjusting the values assigned to selected parameters e.g. k sl and Kel for 
reaction 1 and Dg2 for reaction 2. The optimiser requires initial estimates of the selected 
parameters and the result obtained is checked to ensure it is not dependent on the initial 
estimates, this helps avoid the routine converging on local minima. In simulation mode, a
(5.1)
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theoretical sodium uptake profile along the fixed bed will be generated based on the parameter 
values specified by the user.
5.1.1a Tanks-In-Series Solution
The convective sodium mass balance over the interparticle gas phase of a bed section (Eq.
4.1), is solved with the "tanks-in-series" method of solution, derived from Deans and Lapidus 
(1960). The fixed bed is visualised as a series of finite elements (Figure 4.2), with each 
element represented by a well stirred tank. Thus each element has a uniform gas composition.
In the "tanks-in-series" approximation, the fluid is flowing through a series of equal-size ideal 
stirred tanks, and the number of tanks in this series is an additional parameter (Levenspiel, 
1972). For a large number of tanks, N, the deviation from plug flow is small. This can be 
shown by a system of N equal-size mixed reactors connected in series. Though the 
concentration is uniform in each reactor, there is nevertheless a change in concentration as 
fluid moves from reactor to reactor. This stepwise drop in concentration, suggests that the 
larger the number of units in series the closer should the behaviour of the system approach 
plug flow. The convective mass balance for a component i over a tank n, in a fixed bed of 
length L, is given by:
H r 1 2 s
u  f r  - r  \ + i / Q , n  + <9 ^  UL.
( L /N)eb d t ^  Tbp  T t ------- 0  ( ’
where Ci 0 n = gas concentration of component i in the bed voidage in tank n [mol cm'3] 
j = index indicating the number of reaction
Csi0 nj = concentration of component i in the solid and in tank n due to reaction j 
[mol g 1]
The "tanks-in-series" approximation was chosen by McLaughlin, to solve the sodium 
convective mass balance along the sorbent bed, as it reduces the second order partial 
differential equations of the convective mass balance (Eq. 4.1), to ordinary differential 
equations and the axial dispersion term is eliminated.
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McLaughlin solved the convective mass balance for sodium (Eq. 5.2) by applying the finite 
difference approximation in time to the accumulation terms, thus making the mass balance 
an algebraic equation :
dCj ,Q,n ^ Ui,Q,n ( fc + A t )  C i 'Q ,n ( t )  
d t  A t
(5.3)
d C ai t0 ,nij  _ C si i0 in i i  ( t+ A  t )  - C * i i0 in i i  ( t )  
d t  A t
(5.4)
Generally, to determine the number of tanks, N, from the tanks-in-series solution, and the 
axial Peclet number, PeL, from the dispersed plug flow model, comparison of the residence 
time distribution (RTD) curves (E and C) available in the literature (Levenspiel, 1972), should 
be performed. These curves are obtained by these models, when an ideal pulse input was 
introduced in a fixed bed reactor (E = C) (Figure 5.1).
Figure 5.1 : RTD Curves as predicted by the Dispersed Plug Flow and the Tanks-in-series
Approximation (Levenspiel, 1972)
The axial Peclet number is defined as PeL = 1)L/Dax = (DRp/Dax)(L/Rp), with Rp as the particle
1 0 1
diameter and v  the interstitial velocity. Since \)Rp/Dax, the particle Peclet number, Pep, is of 
the order of 0.5 - 2.0 (Ruthven, 1984), PeL will be of the order of L/Rp and more specifically 
0.5(L/Rp)< PeL< 2(L/Rp). The bigger the PeL, the smaller the axial dispersion coefficient, Dax, 
will be and consequently, the smaller the effect of the axial dispersion term will be in the 
convective mass balance of Eq. 4.1. As a result, the relative influence of axial dispersion 
diminishes with increasing column length. ,
In the present work, the length of the bed was 10-15 mm, the pellet diameter 0.4-0.6 mm and 
the interstitial velocity -30 cm/s. The axial Peclet number for this system, estimated from 
correlations given by Langer et al (1978) and by Edwards and Richardson (1968), was 
approximately -50, which is in the region of values calculated from the definition of PeL, 
approximately 12.5-50. This PeL corresponds to intermediate amount of axial dispersion 
(Figure 5.1) and comparison with the "tanks-in-series" method gives approximately 20 tanks 
(N=20) to account for this amount of axial dispersion.
For long industrial columns, ideal plug flow is often closely approached, since the particle 
size is rarely below 1 mm and the bed length/particle diameter ratio is usually well in excess 
of 1000, which means that 500<PeL<2000 and Dax—>0 (Bono, 1989). Axial dispersion in a 
packed bed for gases, generally appears to have negligible effect on performance as long as 
the bed depth is greater than about 50 particle diameters (Carberry and Wendel, 1963; Rase, 
1990). Evidently, unless the column is short, the contribution of axial dispersion to overall 
performance is small. Care needs to be exercised however, with short laboratory columns to 
ensure axial dispersion is accounted for adequately.
5.1.1b Review of McLaughlin's Program
During the revision of McLaughlin's program, a number of uncertainties over the assumptions 
made in the pellet-grain model and the approximations used in the computer program were 
revealed. The points that required further investigation, were the following:
1) The choice of time step : the finite difference approximation in time, used to solve the Na 
convective mass balance (Eq. 5.3 and 5.4), provided only a first order accurate solution, as 
it is really valid only when the time step used is very small (At —> 0). This discretisation in
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time combined with the tanks-in-series approximation for the position in the bed, has turned 
the Na convective mass balance to algebraic equations, which were solved with the secant 
method.
2) The HCI convective mass balance, which was simply based on the stoichiometry of the 
reaction, one mole of NaCl reacts and gives one mole of HCI and was written for a tank, n, 
as an algebraic equation of the form
G (HCl ,n,Q)  ~ C { N a C l , n - 1,0) ~ G ( Na Cl , n , Q)  +  (2(HCl,  f e e d )  (5 -5 )
instead of a differential convective mass balance. However, this equation cannot be used if 
NaCl consumption/HCl production is not 1:1.
3) In the pellet-grain model, the concentrations of gaseous reactants and products around a 
pellet were assumed constant. However, in a fixed bed these concentrations change with time. 
To be able to use the pellet-grain model in a fixed bed sorber, the time step should be small 
enough not to violate the assumption of constant concentration around a pellet.
4) In order to ensure that both conversions increase monotonically, the Szekely formula (Eq. 
4.21) was solved in the following manner. The pellet-grain algorithm recalled the conversion 
(Xold) attained for the current tank at the end of the previous time step. It then calculated the 
time (told) to reach that conversion with gas concentration constant at its present level. Finally, 
it calculated the new conversion, X, at the new time, toId+At. Consequently, whenever the 
pellet-grain model was called, told would represent from time zero, how long it would take for 
a pellet to reach Xold at the present constant gas concentration. Therefore, this procedure 
ensures that while t* is positive, Xg increases. If the reaction is required to reverse this 
procedure is not valid, as will be discussed below.
5) The model assumes that the local conversion rate is independent of the local average solid 
concentration so long as there remains some unreacted solid. This assumption is implicit in 
the shrinking core model, which deals with non-porous grains which form the pellets. The 
concentration of the solid reactants at the reaction front have been assumed constant and have 
been incorporated into the values of k s and Kc (Eq. 4.10).
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5.1.1c Modifications and Improvements
During this work, the McLaughlin program was modified and improved. One of the 
improvements accomplished, is that the structure is now based on a main program which calls 
subroutines for specific calculations. Data are entered via windows which appear before the 
execution of the calculations. In the windows, the user can specify the necessary data, the 
temperature (927, 827, 650 or 600°C) and pressure of interest, the estimates of the optimised 
parameters and whether simulation or optimisation calculations will be performed.
Data on the density and viscosity of the bulk gas (Perry, 1984), which is N2 in laboratory 
conditions, are listed in the programme for the three temperatures at which experiments were 
conducted, 650°C, 827°C and 927°C, and for 600°C, which was the current temperature of 
interest for scale-up. To use the programme at any other temperature, the density and viscosity 
of N2 at this temperature, have to be entered by the user. The pressure effects on the model 
parameters are directly introduced in the mathematical equations. Consequently, the 
programme can be used for any pressure (in bar). The optimised parameters can be 
extrapolated from 827°C and 927°C down to 650°C and 600°C through the Arrhenius 
equation (Eq. 4.37), the Van't Hoff equilibrium relationship (Eq. 4.38) and the temperature 
dependence equation for Dg (Eq. 4.40).
To improve the stability of the convergence of the optimisation procedure, the optimised 
parameters were normalised so that the range of values used would be between 0 and 1.
Several other minor errors were corrected in the original program, e.g.
1) the axial position values ascribed to the concentrations calculated for each tank were 
corrected, and
2) a similar correction was made to the calculation of the axial positions of the 
experimental concentrations.
5 . 1 . 2  M o d e llin g  in  the g P R O M S  e n v iro n m e n t
To obtain an independent solution to the alkali sorption model, gPROMS, a modelling 
environment for dynamic processes, under development at Imperial College (Barton and
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Pantelides, 1993) was used. This exercise was intended to help check the solutions attained 
from the existing code.
Equations 5.2 and 4.21 together with the appropriate initial conditions and boundary values 
were solved by a gPROMS program as shown in Appendix VIII. The results from this 
gPROMS program did not correspond exactly to the results from ,the McLaughlin program 
and it was essential to understand why there were differences.
The first check was to use gPROMS to solve the original partial differential equation 
(Equation 4.1) without the tanks-in-series approximation. The method of Orthogonal 
Collocation on Finite Elements was used and the results were identical to the gPROMS 
solution to the tanks-in-series approximation.
It was then suspected that the Szekely approximation (Equation 4.21) might have multiple 
roots and gPROMS was selecting the wrong root. The Szekely approximation was discovered 
to have multiple roots when solved for Xg under some, but not all, conditions (see Figure
5.2).
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Figure 5.2 : Pellet Conversion versus Dimensionless Time, t*, using the parameters
presented in Table 5.1 and evaluated initially by McLaughlin's program, for the 
600 hr high-acid run.
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At this point it was decided that gPROMS would not be used further because gPROMS 
provides the user with very little control over its internal numerical procedures.
5 . 1 . 3  P e lle t -g r a in  m o d e l fo r  a  s in g le  p e lle t
In view of the difficulties encountered above, it was decided to write a complete new program 
in which the solution to the Szekely approximation could be checked thoroughly. The first 
stage in the development of this program was to code a solution for a single pellet.
Szekely's approximation was solved with the Newton-Raphson method to calculate the 
fractional conversion of a Fuller's Earth pellet. This approach is the same as that incorporated 
in McLaughlin's program. Initially, the program was written for a single reaction, but 
subsequently it was developed for two simultaneous reactions.
This computer program (Appendix VIII) can be used for different sets of parameters and 
different solids. The user can specify in the beginning, the Newton-Raphson search 
parameters: the maximum number of iterations and the accuracy required. System parameters 
such as the pellet and grain radius, intrapellet diffusivity, gas film mass transfer coefficient, 
stoichiometric coefficients, molar solid density, pellet porosity and inlet concentration terms 
should also be specified and by changing the values of the equilibrium constant, the reaction 
rate constant and the intragrain diffusivity, experimental conditions can be simulated.
The conversion due to each reaction, as well as the total pellet conversion can both be 
predicted with time (Figures 5.6, 5.7). At the pellet-grain level, no negative conversions (false 
roots) appeared and the Newton-Raphson routine converged without any problems.
The next check in this study, was a comparison between the numerical evaluation of the 
reaction rate, dXg/dt, with the analytical expression derived from the differentiation of the t* 
expressions (Eq. 4.21) with time :
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where the concentration of component i in the above expression is assumed constant over the 
specified time interval, following Szekely's approximation for a constant gaseous 
concentration around a pellet. This check was conducted because the value of dXg/dt is the 
term in the convective mass balance which is calculated from the Szekely approximation.
This comparison was performed to check the robustness, and cross-check the accuracy of the 
coding. No significant errors or discrepancies were discovered. Simulations of the pellet-grain 
model for a single pellet and results from the comparison of the numerical and analytical 
estimation of the reaction rates, are presented in Section 5.2.1 (e.g. see Figure 5.9).
5.1.4 A lk a li F ixed  B ed  Sorp tion  S o lu tion  by G ear's M ethod
Once the single pellet solution had been studied and tested extensively, it was incorporated 
in a simulation of a fixed bed sorber. The gaseous Na concentration was normalised with 
respect to the Na feed concentration, whereas for the HCI the base for normalisation was the 
arbitrary very small value of 0.001 ppmv, since in non-acid runs division by zero needed to 
be avoided. The convective mass balances for Na and HCI were written as ordinary 
differential equations according to the "tanks-in-series" method of solution (Eq. 5.2), whereas 
both reaction rates were calculated analytically (Eq. 5.6) by the pellet-grain subroutines. A 
further improvement over previous programs was that the new program can conduct 
simulations at any temperature or pressure specified by the user (The McLaughlin program 
had restricted the user to the particular values of temperature).
The system of 4N ODEs derived, was solved in time and position in the bed, simultaneously 
for the gaseous Na and HCI concentrations and the two-pellet conversions. However, the 
system proved to be stiff and therefore could not be solved with a simple integration method, 
such as fourth-order Runge-Kutta. This stiffness arises from the fact that the accumulation in 
the gas phase is much smaller than the accumulation in the solid phase and, as a result, it is
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extremely difficult to solve simultaneously for both quantities. Evans and Song (1974), being 
probably mostly interested in the solid conversion, overcame this problem by assuming that 
when the system pressure is low, the accumulation in the gas phase was much smaller than 
the accumulation in the solid phase, and therefore can be neglected in the convective mass 
balance. However, the general aim of modelling the Na sorption process, is the ability to use 
the models derived from laboratory data, to predict what will happen at full scale. Commercial 
plants will work with pressures higher than atmospheric and the assumption of negligible gas 
accumulation is not valid. Furthermore, the exact prediction of the Na concentration in the 
outlet gas is the primary objective of the alkali removal process.
Consequently, a robust integration method that can solve accurately in time should be used. 
The method chosen was the variable-time-step, variable order Gear's method with a maximum 
accuracy of 6th order (Gear, 1971; Schiesser, 1976). An advantage of the variable-step 
numerical methods is that they incorporate a quality control decision routine, which may 
reject the result, set a smaller stepsize and solve again, until compatibility with a 
predetermined accuracy criterion has been achieved, with minimum computational effort 
(Press, 1992). This is quite important, especially in the beginning of the process, where the 
gaseous concentrations of the reactants and products in the bed voidage are very small 
because the fresh solid reacts quickly and thus the stiffness of the problem is more 
pronounced. As time progresses, the local rate of reaction decreases and hence the stiffness 
becomes less important.
Towards the end of the run time, the time step will approach the value of the maximum time 
step set by the user. At this point, the choice of the maximum time step proved very 
important. If big maximum time steps (e.g. 100 hrs) are chosen, the Na mass balance will not 
close as the assumption of the constant gas concentration around the pellet in the Szekely's 
model, is valid over small times only. A maximum time step of 5 hrs was found to give the 
best compromise between accuracy and run time.
The new program requires substantial computational effort. For example, a simulation for the 
high-acid 600 hr run using 5 tanks would finish in 1/2 hr with a Sun Workstation or 1 hr with 
a 166 MHz Intel Pentium. Thus, neither an optimisation subroutine was added to it yet nor 
a pellet- or grain-size distribution. The stiffness of the problem could probably be avoided if
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the accumulation terms in the gas and the solid could be solved in separate steps by keeping 
one constant while solving for the other. The Fortran code of the new computer program is 
presented in Appendix VIII.
It should be noted that the two computer programs, the modified McLaughlin program and 
the new program using Gear's method, under the same conditions gave the same results, 
which are presented in the next sections.
In writing and testing the new program it was realised that the Szekely approximation must 
be used with extreme caution when the reaction is required to change direction. In reality if 
external conditions change so much that forward reaction would cease, the back reaction 
would commence with a new shrinking core that would start at the surface of the grain and 
would convert the product shell back to the original material. If the conditions which caused 
this reversal of the reaction applied for long enough, the new reaction front would reach the 
original front and the grain would be returned to its original state.
None of the programs in this chapter can simulate this reaction reversal; they all contain the 
assumption that there is only ever one reaction front in its grain. Therefore, there are 
situations which the programs cannot simulate and which could arise in practice. One example 
is if the bed inlet conditions are not constant, and there is a change from high to low sodium 
concentrations.
5 .2  R E S U L T S
5 . 2 . 1  F itt in g  a n d  O p tim is a t io n
The new computer program derived in this work, like McLaughlin's program, enables six 
parameters related to the two-reaction alkali sorption process; the rate constants (fcsl & k s2), 
the equilibrium groups (Kel & Ke2) and the intragrain diffusivities (Dgl & Dg2), to be evaluated 
by curve fitting experimentally derived data to simulated profiles calculated for selected 
values of these parameters. All other parameters used by the model are assigned from 
published data or direct measurements listed in Chapter 4. In order to simplify the
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optimisation procedure, McLaughlin assumed a Ke2 value of 5000, to make the second 
reaction independent of HCI concentration and far from equilibrium, and assumed a large k s2 
(1000 cms"1) and a large Dgl (10 cm V1), inspired by the convex shape of the high-acid 
profiles, obtained under diffusion limitation conditions and by the concave shape of the non­
acid profiles, obtained under reaction limitation conditions (Moriyama, 1971). Consequently, 
the optimisation subroutine in the McLaughlin model can adjust the remaining three 
parameters, k sl, Ke, and Dg2, until the sum of squares of errors between the experimental and 
calculated points is minimised. In this work, the values of all six parameters were estimated 
from both computer programs, by using trial and error to fit theoretical to experimental 
profiles. The parameter values obtained initially at 650°C with McLaughlin's program, before, 
the problem of negative pellet conversions was realised, are given in Table 5.1. These 
parameters give a generally good fit despite the convergence problem. For comparison, in the 
same table, the new optimum set of parameters, derived by both computer programs to give 
positive conversions for both reactions, is also presented. McLaughlin's optimisation 
subroutine used in just estimating the sum of squares of errors, Xe2opt, between the 
experimental and the optimum theoretical uptake profile. The fitting of the experimental and 
the theoretical Na uptake profiles drawn along the fixed bed are presented in Figures 5.3, 5.4.
Table 5.1 : Fitted parameters for the two-reaction model at 650°C. Experimental details :
4.58 ppm wt NaCl, 5 %vol H20  in N2 and 0-160 ppmv HCI
Runs Ki
(cms'1)
Kel Dgi
(cm2s*1)
*s2
(cms'1)
Ke2 Dg2
(cm V )
.X® opt
(initial values) 
200 & 400 hrs 
600 hrs :
a) non-acid
b) high-acid
0.2 76 0.001 0.7 5000 3.8xl0'5
2.0xl0'5
1.63&0.8
2.6747
2.36e-6
200 hrs 
400 hrs
0.0002 5000 0.001 0.7 5000 3.8x1 O'5 1.62
0.66
600 hrs 0.0002 5000 0.001 0.7 5000 2.0x1 O'5 0.15e-6
600 hrs 
(non-acid)
0.2 5000 0.001 0.7 5000 2.0x1 O'5 2.6737
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Fitting the experimental profiles obtained by McLaughlin, i.e. at 827°C, with both computer 
programs, the parameters derived for a high-acid and a non-acid run, are given in Table 5.2 
and the simulated profiles are presented in Figure 5.5. The discussion of the curve fitting and 
parameter values obtained will be presented in Chapter 6.
Table 5.2 : Fitted Parameters for the Two-reaction Model at 827°C. Experimental details:
83.55 ppm wt (40 ppmv) NaCl, 5 %vol H20  in N2 and 0-160 ppmv HCI
Runs
(cms'1)
Kei Dg.
(cmV1)
k $2
(cm s1)
k c2 DS2
(cmV1)
Xe2opt
McLaughlin's 
values for both 
827°C runs
1.87x1 O'2 3.33 10 1000 5000 3.03x10'5 2.06
73 hrs 
(high-acid)
2.114xl0'5 10000 0.001 1000 10000 1.643x10'5 1.11
97.7 hrs 
(non-acid)
2.114x1 O'2 10000 0.001 1000 10000 1.643x10'5 2.49
Position in bed (cm)
Figure 5.5 : Theoretical Profiles generated using the Two-reaction Model, fitted to the
827°C McLaughlin's Experimental data (20 tanks and max time step=15 min).
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Using the parameters derived by fitting theoretical uptake profiles with the fixed bed 
experimental data at 650°C, simulations were obtained for a single pellet under high-acid and 
non-acid runs. For a 600 hr non-acid simulation (Figure 5.6), reaction 1 seems to reach 
equilibrium, whereas reaction 2 reaches only 80% of its theoretical saturation capacity value. 
The total conversion is predicted to reach 95%, where 95% corresponds to the experimentally 
measured value of 14.5 %wt. This could mean that the overall measured saturation capacity 
for Na sorption could possibly be marginally underestimated. Similar simulations for a 600 
hr high-acid run with a single pellet (Figure 5.7), present the same result for reaction 2 as the 
non-acid run. For reaction 1, it is predicted that it would reach only 10% of its capacity, 
which could be expected as under high-acid conditions the first reaction almost ceases. The. 
overall conversion reaches only 30%, which can be all attributed to the second reaction.
Time (s)
Figure 5.6 : Pellet-grain, Two-reaction Model for predicting the Pellet Conversion under
Non-acid Conditions after a 600 hr Run
The rates of the two reactions, dXgl/dt and dXg2/dt, were plotted versus time and it was 
noticed that dXg2/dt would change rapidly at early times, which could be justified as this 
reaction was considered fast (Figure 5.8). Consequently, the numerical evaluation of dXg2/dt 
deviates from the analytical solution (Eq. 5.6) at the beginning of the run (Figure 5.10). Under
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Figure 5.7 :
Figure 5.8 :
 Both Reactions (total conversion)
-------------Reaction 2 (Xg2)
 Reaction 1 (Xg1)
Time (s)
Pellet-grain, Two-reaction Model for predicting the Pellet Conversion under 
High-acid Conditions after a 600 hr Run
Time (s)
Rates of Reaction 1 and 2 using the 600 hr High-acid Run Parameters
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Figure 5.9 : Comparison of Numerical and Analytical Calculation of dXgl/dt using the 600
hr High-acid Run Parameters
these conditions, the Newton-Raphson routine can become slow to converge. However, for 
the first reaction which is reaction rate controlled, the analytical and numerical values of 
dXgl/dt coincide at all times (Figure 5.9).
5 .2 .2  S e n s it iv ity  a n a ly s is
To examine the dependency of the alkali sorption model performance on the parameters, each 
one was perturbed in turn ±10%, in order to identify and focus on the most significant ones. 
Since the two computer programs perform in the same way under the same conditions and 
McLaughlin’s modified program had incorporated the sum of squares of errors, it was used 
for the sensitivity analysis. The sensitivity of the model with each of its parameters was 
calculated from :
(5.7)
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Figure 5.10 : Comparison of Numerical and Analytical Calculation of dXg2/dt using the 600 
hr High-acid Run Parameters
where S e2 = sum of squares of errors by comparing the experimental profile with the 
theoretically generated, when a parameter is perturbed by per% 
per% =percentage of perturbation
Xe2opt =sum of squares of errors by comparing the experimental profile with the 
optimum theoretical profile, and
et = Xj - m; = error = difference between measured and theoretical values 
Xj = experimental alkali uptake value at position i in the bed 
m, = theoretical alkali uptake value at position i in the bed 
N = number of experimental values 
All the parameters were perturbed by the same fractional amount, in order to compare them 
on the same basis. The parameters estimated from literature, i.e. the molecular diffusivity, the 
external gas film mass transfer coefficient and the bed porosity could be subjected justifiably 
to bigger changes than ±10%, since they are calculated from empirical correlations. However, 
the measured values such as pellet and grain radius, volumetric gas flowrate, NaCl and HCI 
concentration and sorbent capacity usually are subjected to much smaller experimental errors. 
The results are presented in Table 5.3.
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Table 5.3 ; The effect of perturbing the model parameters in turn on the sum of squares 
of errors when the theoretically generated profiles are compared with a standard 
experimental profile (600 hrs, high-acid run unless otherwise stated)
Parameter Perturbation Sensitivity (Eq. 5.7)
gas film mass transfer coef (kg) +10% -0.27
-10% 0.43
intrapellet diffusivity (Dp) +10% -0.34
-10% 0.53
pellet porosity (ep) +10% -0.19
-10% 0.18
bed voidage (eb) +10% -0.03
-10% -0.05
superficial velocity (u) +10% 146
-10% 230
mass of solid per unit length of +10% 190
bed (coAr) -10% 182
sorbent molar density (ps) +10% 48
-10% 12.1
pellet radius (Rp) +10% 1.09
-10% -2.1
grain radius (rg) +10% 131
-10% 75
No. of time steps +10% 0.01
-10% 0.01
No. of tanks +10% -3.1
-10% 1.24
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Table 5.3 (Cont.)
Parameter Perturbation Sensitivity (Eq. 5.7)
High-acid
conditions
Non-acid
conditions
stoichiometric coefficient (fo) +10% -0.14 -5.0
$
 
o
 
*—
( 1 0.19 5.0
stoichiometric coefficient (b2) +10% 7 0.0007
-10% 55 -0.0005
sorbent saturation capacity (KJ +10% -0.24 8.0
-10% 0.29 -5.0
sorbent saturation capacity (K2) +10% 134 0.002
-10% 246 -0.002
HCI inlet concentration (CHCJ feed) +10% 0.79 0.0004
-10% -0.63
NaCl inlet concentration +10% 138 t to o
(^NaCl.feed) -10% 252 18
equilibrium group (Kel) +10% -0.015 0.001
-10% 0.012 0.01
equilibrium group (Ke2) +10% -0.53 0.001
-10% 1.01 0.001
reaction rate constant for +10% -0.2 -1
reaction 1 (/tsl) 1 1—^
 
o 0.25 2
reaction rate constant for +10% -2.2 0.001
reaction 1 ( k s2) -10% 3.4 0.001
intragrain diffusivity for +10% -0.003 1
reaction 1 (Dgl) -10% -0.003 1
intragrain diffusivity for +10% 4 0.001
reaction 2 (Dg2) -10% 44 -0.001
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Since the sensitivity is normalised, values bigger than unity indicate that the model is 
sensitive to a specific parameter. The results indicate that the model appears to be most 
sensitive to the mass of solid per unit length of bed, the solid molar density, the superficial 
velocity, the grain radius, the Na saturation capacities of Fuller's Earth and the inlet NaCl 
concentration, whereas from the fitted parameters the most significant appear to be the 
stoichiometric coefficients (bj and b2), the intragrain diffusivity and the rate constant for 
reaction 2. These results agree with McLaughlin's sensitivity analysis at 827°C. Figure 5.11 
presents the change in the Na uptake profile by perturbing the grain radius by ±10% from its 
20 pm value at the 600 hr runs. A detailed discussion of the sensitivity analysis results is 
presented in Chapter 6.
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Figure 5.11 : Effect of Perturbing the Grain Radius ±10% on the Optimum Theoretical 
Profile for the High-acid 600 hr Run
5.2.3  Scale-U p
When Eq. 4.41, 4.42 and 4.43 are combined, a relationship between the length and the cross 
sectional area, thus diameter of the reactor, is obtained. By trial and error, a series of 
reasonable combinations were established and investigated further. To obtain geometrical
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similarity, the bulk density (g of solid per cm3 of bed) was considered independent of scale- 
up. The exit gas alkali level can be calculated by the computer programs for the obtained 
combinations of the reactor's dimensions. In this work, the reactor diameter has been specified 
by CRE as 4 m, as calculated to satisfy the volumetric flow rate and superficial velocity 
demands.
Based on experimental results on Fuller's Earth capacity for alkali sorption, the volume of the 
bed required to adsorb a given amount of alkali over a certain operating period, can be 
estimated. From the 600 hr high-acid experiment, it was calculated from the sodium uptake 
and mass balance that 0.0127 g Na can be retained per g of bed. For a design margin, the- 
estimated bed volume will be divided by 0.75. Consequently, the estimated bed volume 
should be safe to operate over the proposed times.
The approximate pellet diameters that are reasonable for scale-up, can be determined by the 
requirement to minimise the wall effects and the axial and radial dispersion. The ratios of 
pellet and reactor diameters for reasonable wall effect factors, can be estimated from Figure
7.2 in Ruthven (1984). In estimating the pellet dimensions, wall effects (Ruthven, 1984) can 
be considered insignificant for a 4 m vessel.
The evaluation of the reactor length was based on an inlet gas composition, provided by CRE, 
with a total alkali concentration of 129.4 ppbv, 942 ppmv HCI (dry gas) and 15 %vol water 
vapour. The superficial velocity of 30 cm/s was specified, at 24 bara pressure and 650°C. The 
pressure drop should not be more than 1 bar (CRE). The reactor length has been estimated 
in order to satisfy geometric similarity and the sorbent consumption for 8000, 16000 and 
24000 hrs operation and corresponding values are given in Table 5.4. In this table, the 
estimated pressure drop is also given for various pellet diameters.
The biggest Reynolds number, based on pellet diameter, calculated for the scale-up conditions, 
roughly 700, indicates that the flow is just laminar. The smallest axial Peclet number 
calculated for the above combinations is 300, for the smallest bed length (1.5 m) and the 
biggest pellet (10 mm), and corresponds to a small amount of dispersion. From Figure 5.1, 
the number of tanks that can account for this axial dispersion is approximately 20 - 30. The 
equilibrium group (Ke) and the rate reaction constant (k s) include the effect of water vapour
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and system pressure. Therefore the values used for scale-up, are calculated for the new water 
concentration (15 %vol) and the operational pressure (24 bara) from the relationships resulting 
for these parameters from equation 4.10. The scale-up calculations are performed at 650°C, 
therefore both parameters are not temperature affected. The bigger the pellets, the more the 
diffusion in the pellet dominates the process. This effect can be illustrated in Figure 5.12. 
Also, the parameters of the first reaction do not affect the process as the first reaction is 
inactive at an acid concentration of 942 ppmv HCI (dry basis)/800 ppmv HCI (wet basis).
Table 5.4 : Proposed Dimensions for the Fixed Bed Reactor, the Sorbent Pellets and the
Estimated Pressure Drop for the Required Operational Conditions and Different. 
Operating Times
Operational Time 8000 hrs 16000 hrs 24000 hrs
Bed Diameter (m) 4 4 4
Bed Length (m) 1.5 3 4
Pellet Diameter = 3 mm
Pressure Drop (bar) 0.13 0.25 0.35
Pellet Diameter = 5 mm
Pressure Drop (bar) 0.08 0.15 0.2
Pellet Diameter = 7 mm
Pressure Drop (bar) 0.05 0.1 0.13
Pellet Diameter = 1 0  mm
Pressure Drop (bar) 0.03 0.07 0.09
Table 5.5 presents the effect on the outlet alkali concentration for different values of Kel and 
I<e2, whereas the appropriate calculated value for 15 %vol H20  and 24 bara is 42500, if the 
5000 value is used for 5 %vol H20  and atmospheric pressure. For 15 %vol HzO, the 
calculated k sl and k s2 values are 0.0017 cm s'1 and 5.95 cm s'1 respectively. The highest outlet 
alkali concentration calculated at the end of the cycle, is approximately 18 ppb wt for 942
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ppmv inlet HCI concentration and for 8000, 16000 and 24000 hrs. The effect of HCI inlet 
concentration on the alkali capture by the sorbent bed is shown in Table 5.6 and it suggests 
that HCI removal will improve alkali removal.
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Figure 5.12 : Effect of Pellet Diameter on the Na Uptake Concentration Profile for 8000 hrs 
and Bed Length 1.5 m
Table 5.5 : Effect of Ke on Alkali Outlet Concentrations in Scaled-Up Reactor with Inlet
HCI Concentration of 942 ppmv (8000 hrs)
Ke] = Ke2 values —> 10000 30000 42500 50000 60000
Outlet Alkali 
Concentration 
(Na+K) (ppb wt)
84 26 18 15 12
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Table 5.6 ; Effect of HCI Inlet Concentration on the Outlet Alkali Concentrations in
Scaled-Up Reactor (Kel & Ke2 = 42500)
ppmv HCI —> 942 800 600 400 160
Outlet Alkali Concentration 
(Na+K) (ppb wt)
18 15 11 6 1
5 .3  S U M M A R Y
Computer simulation of chemical processes is a well established feature of process design for 
scale-up from laboratory experiments. The model developed by McLaughlin, was formulated 
from data collected on a laboratory-scale fixed bed rig at high temperatures (827°C-927°C) 
under simulated operating conditions, where N2 as the carrier gas contained 10-40 ppmv NaCl, 
5 %vol H20  and 0-160 ppmv HCI. In the model, expressions derived for the thermodynamics 
and kinetics of the sorption process were combined with the mass transfer properties of a 
fixed bed. At best, this model can only approximate the 'real' alkali sorption process since 
inevitably, many assumptions are made and experimental constraints impose limitations on 
laboratory derived data.
In the present research project, the McLaughlin program was revised in order to be used with 
more confidence in developing a commercial plant-scale process. In addition, temperature and 
pressure effects were investigated, to make it possible to predict the alkali removal 
performance at 927°C, 827°C, 650°C and 600°C and various pressures in the required range 
(up to 25 bar), especially for scale-up calculations.
The tanks-in-series solution was written in gPROMS and the results did not agree with 
McLaughlin's program. The original PDEs for the bed were then solved in gPROMS and the 
two gPROMS solutions agreed exactly. This study led to the discovery that the Szekely 
approximation has a false root under some conditions. It was suspected that this false root was 
being selected by gPROMS and this could account for the difference between the McLaughlin 
and gPROMS programs. The gPROMS simulations were discontinued because gPROMS does 
not presently provide direct control over the internal numerical procedures.
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To resolve the above issues, a new computer program was written and checked extensively 
against the theory. Initially this program solved the equations for a single pellet only. This 
program was then incorporated in the development of a fixed bed model, where the system 
of equations was solved simultaneously and rigorously in time and position in the fixed bed, 
with a variable-time-step, variable-order integration method. The concentration profiles 
derived for the same set of parameters, agreed with the existing model and suggested that 
although this is a very approximate representation of the process, it is still valid under the set 
of conditions used.
The McLaughlin program has not been modified to cope with a situation which could arise' 
in reality where the conversion inside the bed first rises but subsequently falls when higher 
concentrations of HCI arrive. A much more detailed model of the reaction kinetics would be 
required to describe the advancing front of stripped grain as the reverse reaction takes place.
A sensitivity analysis was also performed on the parameters of the model to identify a number 
of measured and fitted parameters that affect significantly the theoretical Na uptake profiles. 
Scale-up calculations based on interest for industrial applications were also performed in order 
to give an approximate design specification of an alkali removal unit that could possibly be 
installed after the ceramic filter in the gasification line of the British Coal Air-Blown 
Gasification Cycle. The recommended length of a 4 m diameter commercial sorber is 1.5, 3 
and 4 m in order to replace the sorbent bed after 8000, 16000 and 24000 hrs of operation 
respectively.
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CHAPTER 6
In this chapter both the experimental results obtained during this work and the theoretical 
predictions of the model, will be discussed. The assumptions made in the theory will also be 
reviewed in the light of the experimental results. Finally, a discussion of the sensitivity 
analysis of the model on the parameters used will be presented.
6 .1  E X P E R I M E N T A L  R E S U L T S
Modifications to the original fixed bed rig were considered necessary to obtain stable, 
reproducible and accurate experimental results at 650°C, in order to form a reliable basis for 
the estimation of the parameter values for the model, by fitting the theoretical results to the 
experimental profiles.
The stable alkali vapour production of 0.3 mg hr1 in the laboratory rig, even after 600 hrs, 
and the control of gas leaks during each experiment, made a significant contribution to the 
dramatic improvement in the sodium mass balance. The Na mass balance, which reached very 
high levels of accuracy, 99% at the 600 hr high-acid run, coupled with the very low outlet 
Na concentration (5-6 ppb wt), measured by chemical analysis of the alumina wool pads 
downstream of the bed, formed very strong evidence for the effectiveness of the alkali 
removal process at 650°C.
Alkali aerosol formation has not been considered a problem, since a highly accurate sodium 
mass balance was obtained, the alumina wool filter pads were placed in the alkali 
condensation zone of the rig and all of the exit gas alkali was captured in the first pad under 
the fixed bed. The three pad alumina wool filter was preferred for the capture of the exit gas 
alkali instead of a sampling train, with a condenser and bubblers, since the latter system 
would create a larger back pressure in the packed bed.
DISCUSSION OF EXPERIMENTAL AND THEORETICAL RESULTS
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Results obtained from a thin bed test with no filter, showed that salt crystals grow out from 
the tube wall as fine needles when the temperature of the wall has dropped to 400-500°C. 
On this evidence, the filter was extended into this zone in order to provide a matrix of 
condensation nuclei within the gas path, although with a full bed in place alkali levels would 
be much lower and condensation characteristics may change. These changes improved the 
collection efficiency of the filter arid provided a better assessment of the exit gas 
concentration.
Other improvements to the experimental procedure included the replacement of the 
polypropylene volumetric flasks used for alkali analysis by AAS with new polymethylpentene 
ones, the new heating block, teflon beakers used for the acid digestion step and the 
elimination of the electrostatics affecting the weighing of Fuller's Earth samples. These 
measures reduced significantly the analytical errors involved in the chemical analysis of the 
solid sorbent and further improved the closure of the mass balance. Very accurate 
experimental uptake values, with standard deviations of less than 2.5% (Table A.II.2) were 
achieved. The position of each layer in the bed was also measured very accurately by the 
travelling microscope technique. The improvement in the quality of these experimental results 
is indicated by the small magnitude of the error bars (±0.01 cm) corresponding to the position 
in the bed (Table A.II.9).
6 . 1 . 1  S in g le -L a y e r  T e sts
Single-layer studies, being free from packed bed effects, can give direct information on the 
sorption characteristics of a pellet. In order to be consistent with the previous work 
(McLaughlin, 1990) and since Fuller's Earth performed very well as an alkali sorbent4 at the 
high temperatures of 827°C and 927°C, it was also chosen for examination as a potential 
sorbent at 650°C. The other aluminosilicate material that has been extensively suggested by 
literature as a potential getter is kaolin. At 650°C it is not expected to undergo any phase 
transformation and as a result, it was examined as an alternative to Fuller's Earth.
The mixed single-layer tests performed with two candidate sorbent materials simultaneously 
had the advantage of evaluating both sorbents at the same time and under the same
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conditions. Kaolin, when examined with Fuller’s Earth in a mixed layer under non-acid 
conditions (Table A.II.3), showed an enhanced uptake (9 %wt in kaolin and 5 %wt in Fuller's 
Earth), while in the presence of acid Fuller's Earth exhibited a characteristically reduced 
uptake (3.48 %wt) and kaolin did not seem to be affected (11.38 %wt). Since kaolin appears 
to be a promising getter at the intermediate temperature of 650°C, fixed bed tests will be 
necessary to confirm the above results.
Carbon deposition on Fuller's Earth pellets, pre-treated at the CRE atmospheric gasifier, did 
not seem to affect the sorption of sodium. Treated and untreated, calcined Fuller’s Earth 
pellets, in a single-layer test under high-acid conditions (Table A.II.3) achieved the same 
sodium uptake (5-6 %wt). This may indicate that the evaluation of Fuller's Earth in N2, could 
possibly be approximately valid for a coal-derived gas environment.
N 2 was used as a carrier gas for the experiments on the fixed bed rig. This made the 
procedure practicable, because N 2 is an inert, non-toxic gas. However, it was unlikely to 
interfere with or distort the alkali sorption process (McLaughlin, 1990) in the same way that 
real flue or gasifier gases might. It was reported by Mulik et al (1986) and Punjak (1988) that 
the simulated flue gas did not affect the alkali sorption process. As a result, there was no need 
to add further complications to the system at this stage by using hazardous gases such as CO, 
H2, C 0 2, CH4 and H 2 S. However, since the alkali sorption process in an N2 environment has 
been proved efficient, the effect of these gases on the alkali sorption process should be 
evaluated more precisely.
6.1.2 Fixed Bed Tests
In order to ensure that the fixed bed of pellets was effectively isothermal during an 
experiment, two independently controlled heater windings were used for the upper and the 
lower part of the bed. Axial and radial temperature differences of 1-2°C were measured, 
indicating that the system could be considered isothermal. Since the pellets used were small 
in size ( - 0 . 5  mm in diameter), heat should be quickly transferred and evenly distributed 
(Froment and Bischoff, 1979; Rase, 1990).
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Pellets of 0.4 to 0.6 mm diameter were used in order to minimise the gas channelling near 
the walls. Under these conditions, where 40-60 pellets correspond to a tube diameter, the wall 
effects should be insignificant, especially when the pellets are distributed in shape and size.
The pressure drop across the bed was monitored continuously at 50-60 mm H20  (~5.8xl0 ' 3 
atm). Volumetric flow rates were checked at the beginning and at the end of each experiment 
to confirm that leaks had not developed. Extensive care was taken so that the temperature of 
the high precision flow controllers and the supply pressure regulator used, were kept stable 
in order to minimise the fluctuation in the gas flow rate caused by ambient temperature 
changes. Temperature control was also applied to the microbalance head for the elimination 
of fluctuations in the rate of loss of salt.
A fixed bed test at 600°C, with NaCl and Fuller’s Earth over 240 hrs clearly illustrated the 
difficulties associated with sorption runs at this temperature. The maximum sodium gas phase 
concentration was very low, 0.82 ppm wt Na (1 ppmv), and the amount of Na entering the 
bed would be at least a factor of 10 lower than that for higher temperature runs (827°C and 
927°C). The poor mass balance obtained from this first run may be due to operating errors 
and further ru n s ' would have been necessary to determine the getter performance at this 
temperature. However, it was unlikely that bed profile modelling would be effective using 
these results and higher temperatures were used to increase the sodium content of the gas 
entering the bed and hence reduce the run times to acceptable values. It was decided to 
conduct experiments at 650°C, where the sodium gas phase concentration was more suitable 
for experimental work.
To investigate the sorption of sodium and potassium by Fuller's Earth, two 200 hr, high-acid 
runs were completed, one with NaCl and the other with KC1. The uptake values for potassium 
and sodium, 2.751 %wt and 3.244 %wt respectively, showed that Fuller's Earth can retain K 
as well as Na, although the two alkali concentration profiles were not identical (Figure 3.3).
The 200 hr run with NaCl did not give a good mass balance (Table A.II.5) and since a more 
fully developed profile would provide more precise parameter values obtained by curve fitting, 
longer runs, should be performed. A 400 hr run was attempted first, as all the previous runs 
were of much sorter duration. In the 400 hr run, the closure of the sodium mass balance was
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95% (Table A.II.6 ) and the outlet gas sodium concentration was 5.5 ppb wt. Next, a 600 hr, 
high acid run was performed and this was the most successful with a sodium mass balance 
of 99% (Table A.II.7) and an average outlet gas sodium concentration of 5.7 ppb wt. The 
agreement of the effluent gas sodium concentrations from the 400 and 600 hr runs was a very 
positive sign of the excellent performance of the fixed bed rig and of Fuller's Earth as a 
potential alkali sorbent. The 600 hr sodium uptake profile along the fixed bed was better 
developed than for the previous experiments but was not the same general shape as the 2 0 0  
and 400 hr profiles. Furthermore, the maximum sodium uptake was 3.68 %wt, less than the 
4.35 %wt that obtained at the 400 hr run. The profiles for the 200 and 400 hr runs were the 
same general shape.
One difference with the 600 hr run was the size of Fuller's Earth pellets used, 0.5-0.6 mm, 
instead of 0.425-0.5 mm since all the smaller pellets available had been used for previous 
runs. Since the 600 hr duration run seemed to give a well developed Na uptake profile at 
these low Na concentrations, a 600 hr, non-acid run was also performed to examine the effect 
of HCI on Fuller's Earth sorptive performance at 650°C. The combination of these runs was 
considered adequate for curve fitting and estimation of the model parameters.
Kaolin fixed bed studies could not be completed during this work because of the very long 
runs involved for the evaluation of Fuller's Earth. However, since kaolin proved to be a 
potential getter at the temperature of 650°C, it needs further investigation. Apart from the 
fixed bed tests and the rate of uptake that needs to be measured, the reaction mechanism and 
the product of the reaction needs to be determined and the effect of carbon deposition on the 
uptake reaction requires further investigation.
6.1.3 Element Mapping
In order to gain more information on the pellet structure and the alkali distribution in the 
pellets and grains, scanning electron microscopy and a combination of the energy and 
wavelength dispersive systems were used to obtain secondary electron and X-ray images of 
the sorbent pellets and grains.
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The pellets used for SEM measurements had to be mounted in resin and then cut and polished 
to reveal the structure of the pellets and the grains. The spatial sodium distribution could also 
be measured. The problem is that the depth of the sample cut is unknown due to the fragility 
of the pellets.
The secondary electron images (Figures A.IV.4,5,6) clearly show the pellet structure for 
Fuller's Earth and kaolin, which appear to be very different. Fuller's Earth pellets are formed 
from grains of irregular shape and non-uniform size, interconnected with a random channel 
structure. Kaolin pellets contain very fine grains in an essentially uniform concentrically 
layered structure. Both materials contain regions of agglomeration.
Kaolin and Fuller's Earth pellets exhibit very different sorption patterns. Within grains, the 
'shrinking core' mechanism is clearly evident for Fuller's Earth, whereas the shrinking core 
is more obvious with kaolin for the whole pellet (Figures A.IV.7-10). Linescans, performed 
across Fuller's Earth grains, also support the shrinking core model for grains (Figures 
A.IV.11,12,17,18), as sodium levels are higher at the outer edge of grains than in the middle. 
Pellets and grains taken from different depths of the fixed bed and consequently exposed to 
different alkali concentrations, still exhibit the same behaviour (Figures A.IV.9,14), although 
the unreacted core of the grains is bigger as the alkali concentration decreases deep in the 
bed. For the 600 hr non-acid run, it was observed that in the first layers of the bed some 
pellets became lighter in colour. This could be attributed to either impurities in the pellets or 
to radial Na concentration gradients in the laboratory rig. To separate the light from the dark 
pellets for chemical analysis was considered impractical since the resulting quantities would 
be too small to give accurate analytical results. However, X-ray images obtained from dark 
and light pellets (A.IV. 19,20) did not indicate a significant difference in the alkali sorption 
pattern. McLaughlin also observed a pellet colour change at uptake levels slightly below 
saturation and attributed it to possible inherent inhomogeneity in Fuller's Earth.
Fuller's Earth pellets treated with potassium seemed to follow the same sorption pattern as 
sodium (Figures A.IV.16,18). X-ray images of Fuller's Earth pellets pre-treated in the CRE 
atmospheric gasifier for - 1 0 0  hrs, indicated that carbon did not penetrate the interior of the 
grains and sorption of alkali proceeded as normal through the external surface of the carbon 
barrier on the grains (Figure A.IV.15). The results indicate that even under real conditions
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(carbon-coated pellets) and for two different alkalis, the pellet-grain model can be used safely 
to represent the alkali sorption with Fuller's Earth as a getter.
Significant work on the existing models has been reported to account for structural changes 
during a gas-solid reaction (Szekely and Evans, 1971; Hartman and Coughlin, 1974; Ranade 
and Harrison, 1979; Georgakis et al, 1979; Duo et al, 1993; Peukert and Loffler, 1993). 
However, in this work no structural changes were noticed in the pellets, even after they had 
been exposed to alkali vapour for 600 hrs. This can be confirmed by secondary electron 
images of unexposed and exposed Fuller's Earth pellets for experiments at 650°C (Figures 
A.IV.4,5) and also for exposed pellets (non-acid run) that underwent a colour change during 
the experiment (Figures A.IV. 19,20).
McLaughlin (1990) reported no major structural changes to sorbent pellets even at high alkali 
concentrations (40 ppmv NaCl) and high temperatures (827°C and 927°C), unless the alkali 
uptake was above 8.5 %wt, when the sorbent appeared to become amorphous, forming a 
glassy phase. The possible formation of sodium di-silicate (N a ^ ^ S iO J  or a eutectic (Eq. 2.3) 
at 767°C was suggested either could explain the glassy phase observed in the experiments at 
827°C and 927°C and the absence of such phase in the 650°C runs. Unfortunately no other 
measurement, such as the specific surface area, could be made on the treated sorbent since 
the quantities used were small and most of it was destroyed by the chemical analysis used to 
determine the alkali uptake. However, the specific surface area of calcined pellets was 
measured at 0.54 m 2g \  which is comparable with McLaughlin's value of 2.9 m 2g l for 
calcined Fuller's Earth pellets, in the sense that both values indicate small specific surface 
areas.
6.1.4 Alkali Sorption Mechanism
The gas-solid reactions are generally quite complex and scaling-up a process has to be 
approached with caution unless there is a clear understanding of the reaction mechanism. 
Ideally the model for a process should be based as closely as possible on the actual reaction 
mechanism, because extrapolation to different operating conditions can then be carried out 
with much more confidence.
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The two-reaction scheme proposed by McLaughlin because the experimental data could not 
be fitted with one reaction was also adopted in this work. The two reactions were formulated 
as follows:
N a C l  {g)+ ^ H 20 + b 1R e a c t a n t 1/ {g) * P r o d u c t l t  {g) +HC1 {g) (6.1)
N a C l  {g)+ ~ H 20 + b 2R e a c t a n t 2t {g) * * P z o d u c t 2t (g) +HC1 {g) (6.2)
The inhibitory effect of HCI on the reaction scheme was shown by McLaughlin, when at 
827°C and 927°C the alkali uptake decreased from 14.4 %wt to 4.7 %wt (based on g of Na 
per g of initial solid) by increasing the inlet HCI concentration from 0 to 160 ppmv. During 
this work, a similar decrease, from 14.6 %wt to 3.68 %wt, in the Na uptake was observed at 
650°C. To justify the effect of HCI and the difference in the Na capture, McLaughlin assumed 
that only the first reaction is dependent on the presence of HCI in the system, whereas the 
second reaction will proceed even with HCI introduced into the system. X-ray studies 
obtained during this work identified nepheline (a sodium feldspathoid : Na2 0 .Al2 0 3 .2 Si0 2) 
under non-acid conditions (Product 1) for both light and dark-coloured pellets (Table A.VII.3) 
and albite (sodium feldspar : Na2 0 .Al2 0 3 .6 Si0 2) as the solid product under high-acid 
conditions (Product 2) (Table A.VII.2).
Feldspars are framework silicates formed by tetrahedral groups, usually S i0 4 and A104, linked 
in three dimensions by sharing all the oxygens with adjacent tetrahedral groups (Mineralogical 
Society, 1980). Feldspathoids are chemically similar to feldspars, in that they are 
aluminosilicates of chiefly potassium, sodium and calcium. The main difference is their silica 
content; feldspathoids usually contain about two-thirds as much silica as feldspars. Although 
generally this is the case, nepheline contains one-third of the silica of albite. This is also 
roughly the ratio of the Na uptake observed under non-acid and high-acid conditions. It is also 
worthwhile mentioning that nepheline takes its name from a Greek word meaning cloud, 
because when immersed in acid it becomes cloudy (Cornelius et al, 1971). The fact that 
nepheline was identified as the reaction product in both the light- and dark-coloured pellets, 
is further evidence that the difference in colour does not imply a difference in alkali uptake.
132
Albite and nepheline were also identified as solid reaction products at 827°C and 927°C by 
McLaughlin (1990). Mulik et al (1986) and Uberoi et al (1990) made similar observations for 
alkali capture by emathlite. Fuller's Earth should be expected to react like emathlite as they 
are both 2:1 layered aluminosilicates.
A literal interpretation of the two-reaction scheme assumes that there are two distinct species 
that react with sodium and produce two different solid products. Under high-acid conditions, 
reaction 2 is assumed to dominate and therefore the identification of albite only as a reaction 
product agrees with the reaction scheme. However, under non-acid conditions, two reaction 
products would be expected, both albite and nepheline. Since only nepheline was identified, , 
this could be attributed to the higher uptake value of the first reaction (9.9 %wt), which 
means that nepheline would be formed in larger amounts than albite and therefore give a 
stronger X-ray fingerprint. At this point, it could be argued that only one reaction is taking 
place with two products, depending on the presence of HCI, albite or nepheline. Since there 
is no evidence, either from previous work on alkali sorption by aluminosilicates or from this 
work as to the exact reaction mechanism and the interaction between NaCl and HCI, the two- 
reaction scheme will be temporarily accepted since it can adequately simulate the alkali 
sorption experiments across the full temperature range of 650-927°C (Chapter 5). However, 
further work is necessary to specify the exact role of HCI in the alkali sorption process.
Another area that needs further experimental investigation is the reversibility of the reaction, 
which is relevant to the way the Szekely pellet-grain model deals with reversible reactions. 
Consequently, checks should be carried out on whether the alkali sorption reactions are really 
reversible and this can be achieved by exposing fixed beds already treated with Na to high 
feed HCI concentrations. This information could be very useful and relevant in the real 
process conditions where the HCI concentration could fluctuate during operation.
6.1.4a Effect of NaCl and H20  vapour on the reaction mechanism
Experiments to identify the HCI production as a result of the sorption of alkali by Fuller's 
Earth, to explore the effect of water on the process and possibly define the order of reaction 
with respect to this reactant, are described in detail in Chapter 3 and the results obtained are 
presented in Appendix III. The following summarises the main results and conclusions:
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1) HCI was produced when both NaCl and H20  were present in the system. When NaCl was 
introduced in the feed, the HCI response was initially quite slow and it would take at least 
10-15 min before the system could reach a stable HCI concentration (Figures A.III;4,5). The 
measured HCI followed the increase or decrease of the NaCl feed, e.g. Figure A.III.5, where 
the NaCl in the feed was reduced from 0.7 to 0.5 mg/hr and then increased back to the initial 
value. The observed HCI response for 0.7 mg/hr (-5.1 ppmv) NaCl in the feed was -3  ppmv 
HCI, (Figure A.III.6), although from the assumed reaction scheme, a response of -5  ppmv was 
expected. This result could be interpreted in several ways :
a) NaCl is initially physically adsorbed by the sorbent and reacts slowly to produce 
HCI and therefore the rate of NaCl arrival at the sorbent does not equal the rate of 
HCI production. This scheme is supported by other workers in the absence of water 
vapour (Uberoi et al, 1990), but is not the case here ;
b) both physical adsorption of NaCl on the solid and chemical reaction of NaCl with 
the sorbent occur in parallel. Consequently not all the NaCl in the feed reacts to 
produce HCI ;
c) HCI is produced instantly by chemical reaction, but it cannot diffuse quickly out 
of the sorbent pellets ;
d) NaCl reacting with the sorbent produces HCI but not in a 1:1 stoichiometry, as is 
assumed in the present two-reaction scheme.
However, the definite connection of the production of HCI with the presence of NaCl in the 
system was also confirmed when the response curve fell slowly back to the baseline (Figure 
A.III.6) as NaCl was eliminated from the system.
2) Under dry conditions, HCI was still produced but in small quantities (0.5-1.0 ppmv HCI) 
(Figure A.III.7). The idea of attributing the HCI produced only to residual -OH in the calcined 
sorbent was rejected, because the concentration of these residual -OH groups was measured 
by Yadegarian (1992) and they should have been exhausted early in this experiment. Every 
possible source of water in the system was also checked and eliminated. This slow Na uptake 
under dry conditions has been reported by a number of other researchers, Mulik et al (1986), 
Uberoi et al (1990) and McLaughlin (1990), but has not been explained.
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If water vapour is absent, then the proposed mechanism would require hydroxyl groups to be 
retained in the calcined montmorillonite pellets. Total loss of hydroxyl groups and the 
collapse of the montmorillonite structure does not occur until 900°C. The pellets used, have 
been calcined at 850°C by McLaughlin (1990) and residual -OH groups may still exist in the 
sorbent's structure. Although, in the presence of water vapour at high temperatures, hydroxyl 
groups could possibly be readily regenerated in the silica lattice, a number of experiments on 
water treatment of Fuller's Earth at 600°C and 850°C (Yadegarian,1992), did not confirm an 
increase of =SiOH and =A10H groups.
Water retention by the bed seemed to be likely in the presence of alkali salt. The evidence, 
for this is that the increase in the production of HCI in the beginning of the experiments was 
slow (60 min) (Figure A.III.5), whereas later in the experiment it was quicker (10 min) for 
the same NaCl concentration in the system (Figure A.III.6). This observation was also 
reported by Mulik et al. (1986), who suggested that water was not retained by the sorbent bed 
through either an adsorption or reaction step in the absence of alkali. This seems unlikely 
since most aluminosilicates are strongly hydrophilic.
3) The physical adsorption of NaCl by the sorbent bed was indicated when after a dry run, 
the salt being introduced in the feed stopped and H20  was introduced in the system (Figure 
A.III.7). The HCI response was quite high for -1 0  min (4 ppmv HCI from a Drager tube test) 
(normal water peak at 30°C was -0.9 mV and in this experiment it was -1.1 mV) and then it 
dropped gradually as the physically adsorbed NaCl was exhausted by reacting with H20 . 
Uberoi et al, (1990) also reported that physisorption dominated the sorption process in the 
absence of water vapour.
Drager tube tests were performed simultaneously with the measurements of HCI using the on­
line monitor (Figure 3.6). Although generally the Drager tube tests can only give approximate 
results, they confirmed the results taken from the cell. When the bed was exposed only to 
alkali for 9-10 hrs, a Drager test tube showed 1 ppmv HCI being produced. The 4 ppmv HCI 
result, was produced when H20  was introduced in the system after the bed was pre-treated 
with NaCl (0.7 mg/hr) for 9-10 hrs. Continuous exposure to water and decrease of the salt 
production to 0.3 mg/hr gave a result of 2 ppmv HCI. This value was expected for this alkali 
concentration.
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A quick answer to the water concentration effect was expected with the exit gas analysis tests 
performed with the HCI on-line monitor (electrochemical cell). Unfortunately, since the cell 
was found to be quite sensitive to water (Figures A.III.2,3) despite its specifications, the only 
conclusion that could be drawn from these tests with respect to water, was that NaCl will 
react with the sorbent material quicker in the presence of water vapour and much slower in 
its absence, producing HCI in both cases. The HCI produced in the absence of water (~1 
ppmv), is much less than when water is present (-3  ppmv).
The presence of water is playing a crucial role in the uptake of sodium by Fuller's Earth and 
is one of the areas that needs further investigation. To find the real order of reaction with 
respect to water vapour, fixed bed tests with different water concentrations have to be 
performed. The comparison of these results should give the order of reaction with respect to 
water vapour. Since it was not clear from the above results, the same approach should be 
taken to establish the order of reaction with respect to NaCl and to gain further understanding 
of the reaction mechanism.
In summary, the HCI production is directly connected with the presence of NaCl in the 
system. In the absence of H20  vapour, physical adsorption of NaCl is likely to dominate the 
process, whereas in its presence the production of HCI is significantly enhanced. The positive 
role of water vapour in the capture of sodium is fortunate since water is unavoidably present 
in all the gases currently under consideration in the industrial applications of this work.
6.1.4b Sodium Uptake Capacity
The Na saturation capacity of Fuller's Earth should be independent of temperature since it 
depends only on the stoichiometry of the reactions. A close examination of the maximum 
uptake values obtained at 650°C, 827°C and 927°C, gives a total approximate value of 14 
%wt (Table 6.1). From the measurements under high-acid conditions, it seems that the uptake 
due to the second reaction increases with increasing temperature. Apart from the fact that the 
827°C and 927°C results are not very accurate, according to the two-reaction scheme, the first 
reaction is reaction rate limited, whereas the second is intragrain diffusion limited. 
Consequently, the first reaction will be more temperature dependent than the second.
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Table 6.1 ; Maximum Na uptake values (%wt) obtained from experiments performed at the
indicated temperatures
650°C 827°C 927°C
1st reaction 9.9 9.7 8.2
| 2nd reaction 4.7 4.7 5.4
Total 14.6 14.4 13.6
As a result, the increase in the uptake at 927°C under high HCI conditions can probably be 
attributed to the first reaction. Unfortunately, no conclusions can be drawn as to the effect of 
temperature on the two reaction uptakes since their performance cannot be separated, and 
further investigation is necessary. Furthermore, Figures 5.6 and 5.7, from the pellet-grain 
model, suggest that reaction 2 reaches only 80% of its capacity after 600 hrs of experiment. 
Since the Na saturation capacity of potential sorbents is a very important parameter for scale- 
up calculations, long runs, perhaps of 1000 hrs, and at different temperatures, should also be 
performed with Fuller's Earth and kaolin in order to measure this parameter with confidence. 
However, if  the chosen ultimate capacities for Fuller's Earth are low, the estimated sorber bed, 
from the scale-up .calculations, will be safely oversized.
6.2 PELLET-GRAIN MODEL
The assumptions that were made for the Szekely approximation of the pellet-grain model 
presented in Chapter 4, are discussed here in more detail and comparison with the 
experimental conditions and results obtained :
1) The system is isothermal. The model assumes the process to be isothermal and this is 
confirmed by measurements, described in Chapter 3, where the maximum temperature 
difference within the bed was less than 2°C.
2) The pseudo-steady state approximation for the bulk concentration of the gaseous reactants 
and products in the pellet can be considered appropriate in the case where these 
concentrations are constant, but the concentration at the reaction interface of the shrinking
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core varies as the core shrinks. In this case as the product layer thickens, diffusion through 
it presents a bigger resistance to mass transfer. However, if  transport through the product layer 
is fast, the concentration at the reaction interface will be very close to the bulk concentration. 
If the external concentration fluctuates then the concentration at the shrinking core will also 
fluctuate, a condition which is not accounted for in the pellet-grain model. To approximate 
to a constant external concentration, small time steps were used when solving for a fixed bed.
3) The solid structure is macroscopically uniform and is unaffected by the reaction. The 
secondary electron images of the unreacted and the reacted solid pellets (Figures A.IV.4,5) 
show that there are no differences in the pellet structure. The structural changes to the sorbent. 
(Fuller's Earth) were only apparent at sodium loadings in excess of about 8.5% wt at 
temperatures of 827°C and 927°C (McLaughlin, 1990), but they were not observed at 650°C, 
even with Na uptakes of 14.6 %wt (Figures A.IV. 19,20).
4) The molecular diffusivities of NaCl and HCI in N2 have been calculated as 0.9 and 1.3 
cm V 1 at 650°C. Consequently these and the intrapellet macropore diffusivities, Dp, can be 
considered equal. Furthermore, as the diffusing species are at low concentration (4.58 ppm 
wt Na and 0-208 ppm wt HCI), the diffusivities of the gaseous reactant and product can be 
considered uniform throughout the pellet and independent of concentration.
5) Convective mass transfer within the pellet can be considered negligible. The pressure 
drop across the sorbent bed was monitored continously during the experiments and was shown 
to be small, 50-60 mm H20  (-5.8* 10*3 atm). As a result, the pressure drop across a single 
pellet should also be negligible.
6) The reactions are first order with respect to the gaseous reactant, NaCl, and independent 
of local conversion of solid so long as there remains some unreacted solid. Since the order 
of reaction with respect to NaCl was not revealed by the HCI exit gas analysis, and other 
experiments with different NaCl concentrations were not performed, first order reactions were 
chosen as the simplest scheme that could fit the experimental data. This assumption is 
frequently made for mathematical convenience, in the absence of direct experimental proof. 
If this assumption needs to be relaxed, Evans and Szekely (1972) have already considered the 
effect of reaction order in non-catalytic gas-solid reactions.
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The next two assumptions were made initially by Szekely et al. (1976) for simplicity, in order 
to derive the equations describing the process, but were relaxed later :
7) The resistance due to external mass transport is negligible. In laboratory scale 
experimental studies, this could be valid by using sufficiently high gas velocities. However, 
in practical systems involving packed beds of solid particles, external mass transport may be 
fully or partially rate controlling. The external gas film mass transfer coefficient, kg, was 
calculated to be 58.1 and 50.26 cm/s for pellet diameters of 0.46 and 0.55 mm. For the 600 
hr high-acid run, the contribution of external mass transport to t* for the second reaction, was 
calculated to be 9.9% for short times (i.e. Xg = 0.01) and 0.9% towards the end of the, 
experiment (Xg = 0.8). For the 600 hr non-acid run, the corresponding contributions to t* for 
the first reaction have been calculated as 3.9% and 2.5% respectively. Consequently, the 
pellet-grain model predicts that the effect of external gas film mass transfer in the 
experimental reactor can be significant for short times, but diminishes as time progresses. This 
effect was not examined experimentally since measurements were made at superficial velocity 
of 10 cm/s to comply with industrial specifications.
8) Diffusion of the gaseous reactants through the product layer of the individual grains is not 
rate-limiting. In the development of the pellet-grain model, Szekely et al (1972) initially 
neglected the effect of diffusion through the product layer because of the small size of the 
grains. However, for a system with large grains or fast reactions, the effect of intragrain 
diffusion may be significant (Sohn and Szekely, 1974). Punjak et al (1989) found from their 
experiments with kaolinite, emathlite and bauxite, with sorbent particles larger than 80 pm, 
that both interphase and intraphase diffusional resistances influence the observed kinetics for 
all three sorbents. For the 600 hr non-acid run, the contribution of intragrain diffusion 
resistance to t* for the first reaction, was 0.06% at short times (Xg = 0.01) and it increased 
towards the end of the experiment (Xg = 0.8) to 5.4%. This increase is expected as the 
product layer builds up with time. For the 600 hr high-acid run, the intragrain diffusion 
contributes even more to t* with 7.66% in the beginning of the run and 90% close to the end. 
These contributions clearly show that the diffusion of the gaseous reactants and products 
through the product layer of the grains had to be taken into account.
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6.3 PARAMETER EVALUATION AND DISCUSSION
Fitting of the theoretical to the experimental profiles obtained during this work was 
successful. The fit with the 600 hr high-acid run, which was the most accurate experiment is 
especially good (Figure 6.1). For the high-acid runs, the first reaction equilibrium group, Kel, 
was set to 5000 in order to overcome the problem of negative conversions obtained due to 
the reversibility of the reaction. The rate constant, k sl, was estimated to have a value of
0.0002 cm s'1, instead of the initial value of 0.2 cm s '1 (Table 5.1) and this low value was 
used in experiments where the first reaction seems to stop earlier in the experiments. For the 
non-acid run, k sl was found to fit the experimental curve with the value of 0.2 cm s'1. This, 
high value ensures that under non-acid conditions reaction 1 proceeds, without being hindered 
by the HCI concentration. Both curves would be fitted with a Dgl value of IO*4 cm2 s '1. 
Although intragrain diffusivity values are generally in the order of 1 O'6- 10'8 cm2s'1, it has been 
accepted by Duo et al (1993), that derived values can vary by orders of magnitude. Thus, the 
above value of Dgl could be generally accepted. In fitting the 827°C experimental results, the 
Dgl value of 10 cm2 s'1 used by McLaughlin, was rejected as an unreasonable figure, being 
even bigger than the intrapellet diffusivity, Dp = 0.34 cm2s*1. Re-evaluating McLaughlin's 
parameters to fit the experimental data at 827°C and in order to avoid negative conversions, 
Kel was assigned the value of 10000, instead of the value of 3.33 assigned by McLaughlin. 
k sl for the high-acid run, could best fit the experimental profile with a value of 2.1 lx lO '5, 
whereas for the non-acid run it was 2.11xl0 '2 cm s'1, comparable to McLaughlin's value, 
1.87xl0*2 cm s'1 (Table 5.2).
Ke2 for the 600 hr high-acid run, can take any value greater than 2000 and the theoretical 
profile will fit the experimental curves within the experimental error bars (Figure 6.2). This 
implies that under these conditions reaction 2 is not limited by equilibrium. The curves 
generated for values 5000 - 20000 were considered better fits compared to the 2000 fit. k s2 
seems to be important in fitting the tail of the experimental alkali uptake curves, and the best 
value estimated was 0.7 cm s'1. Fitting the 827°C results, the same ks2 value with McLaughlin 
(1000 cm s'1) was used, whereas the Ke2 was given the value of 10000, as negative 
conversions were obtained for the second reaction at this temperature for the value of 5000 
suggested by McLaughlin.
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Figure 6.2 : Effect of changing Ke2 in the range 2000 - 20000 on the 600 hr high-acid o i
The most important parameter of all, appears to be Dg2. As the same solid sorbent (Fuller's 
Earth) was used, the solid product and effectively the intragrain diffusivity were expected to 
be the same for all the runs. The optimum Dg2 value established for the 200 and 400 hr runs 
was 3 .8x l0 '5 c m V , whereas for the 600 hr run it was 2 .0x l0 '5 cm V 1. The result from the 600 
hr run in terms of the characteristic dimensionless groups used in the model (Chapter 4), can 
possibly show that diffusion in the grain product layer starts controlling the overall process 
(a g2=l 1.66=12 and (7=0.37). For the 200 and 400 hr runs, although the diffusion in the grain 
product layer seems to contribute to the overall process, the reaction kinetics and the diffusion 
in the pellet play a more important role (og2=8.75 and (7=0.36).
However, if the intragrain diffusivity estimated from the 400 hr run had been used to predict 
the 600 hr run profile (Figure 6.3), the theoretical profile would have been steeper than the 
experimental one. This could be a problem for scale-up calculations. The difference observed 
could be attributed to the different size pellets used for the runs. The two sets of pellets used
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were also found to differ in their grain radius. The time for a conversion or complete 
conversion, which is measured in the experiments, is directly connected to rg2/Dg2 and not Dg2 
alone. Consequently, if the grain radius measurement is in error, the Dg2 prediction would also 
appear to vary as well. However, it seems likely that the value of Dg2, which best fits all the 
experimental data, will be in the range 3.0xl0*5±1.0xl0 '5 cmV1. The intragrain diffusivity 
value used for the 827°C results, 1.64xl0'5 cm2s'1, is in the same range as the value that 
McLaughlin suggested, i.e. l.OxlO"5 cm2s'1.
□  600 hr high-acid experimental dat
  600 hr Simulation : D = 3.8x10 cm2/s
  600 hr Simulation : D9 = 2.0x10'5 cm2/s
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Figure 6.3 : Effect of using the Dg2 value of the 400 hr run and rg = 20 pm to predict the
sodium concentration profile of the 600 hr high-acid run
The parameter values extracted by curve fitting should be used with caution as for example, 
the model would fit equally well the experimental data with two different sets of parameters, 
initially with Kel=76 and ksl= 0.2 cm s’1 and later with Kel=5000 and fcsl=0.0002 cm s'1. This 
clearly illustrates the problems of modelling complex processes and could have an impact on 
the interpretation of the optimum fitted parameter values. For reaction 1, the initial set of 
parameters would make the reaction equilibrium limited, whereas the latter set would make 
it reaction-rate limited. With the latter set o f parameters, both reactions have equal equilibrium
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constant groups (Kel=Ke2=5000) and under non-acid conditions, comparable reaction rate 
groups (&sl=0.2 and &s2=0.7 cm s’1). &sl under high-acid conditions, is low, 0.0002 cm s '1, 
indicating that the reaction rate group could be affected by HCI concentration. However, the 
intragrain diffusivity values through the product layers, albite and nepheline, seem to differ 
by two orders of magnitude, Dgl=0.001 cm V 1 and Dg2=2.0xl0 '5 cm2? 1, which could mean that 
intragrain diffusion could be more significant in albite than nepheline.
Although extrapolation of the fitted parameters was considered initially, it should be kept in 
mind that the alkali sorption system is quite complex and as it is represented by two 
simultaneous reactions, it would be expected that simple extrapolation for the evaluation of 
each reaction's parameters separately could be quite unreliable. Besides, the optimum fitted 
parameter values obtained during this work for M cLaughlin’s runs at 827°C and 927°C were 
not the same with McLaughlin's best fit, and since the experimental data at high temperatures 
were not very accurate, extrapolation is not recommended with these data.
6.4 SENSITIVITY ANALYSIS OF THE M ODEL PARAMETERS
a) Effect of gas film mass transfer coefficient (kg)
The gas film mass transfer coefficient, kg, is a function of the Sherwood number, the 
molecular diffusivity and the pellet radius (Eq. 4.36). As Sh has been calculated from the 
Wakao & Funazkri correlation (Eq. 4.33) and the molecular diffusivity from the published 
data, an error of 10% could be involved in the prediction of kg.
From Table 5.3, it is shown that the model is not very sentitive to kg, which was expected, 
as kg has already a significant value under the experimental conditions of this work and its 
contribution to t* was earlier shown not to be significant, apart from short times during an 
experiment.
b) Effect of Molecular Diffusivity (D ,J
The method of calculating molecular diffusivities using parameters obtained directly from
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experimental diffusion data (Fuller et al, 1966) probably has a higher accuracy than methods 
using parameters obtained by independent means (where errors with experimental data can 
reach -22% ). However, it should be pointed out that accurate experimental diffusion 
measurements are difficult to make and that most observations are subject to a fair amount 
of experimental uncertainty. The typical error is probably of the order of 5% (Fuller et al, 
1966). It is obvious that if the above diffusivity values are susceptible to errors, the model's 
sensitivity to these values should be evaluated.
By changing the molecular diffusivity, Dm, or the intrapellet diffusivity, Dp, by ±10% of the 
calculated value, the sensitivity is very small indicating that the model is not very sensitive 
to these parameters. This means that even the Fuller's Earth pellets are not quite porous, the 
reactants do not encounter difficulties in diffusing and reaching the grains.
c) Effect of pellet size (Rp)
For the laboratory conditions, it was shown above that the intrapellet diffusivity would not 
affect the theoretical results for the porous pellets used. Consequently, the model should be 
insensitive to perturbations of ±10% in the pellet size. This is confirmed by the small 
independent sensitivity of the model to this parameter. It should be noted that the group of 
parameters, kg, Dm and Rp, are all interconnected in the modified Sherwood number and 
consequently perturbing each one separately will have a similar effect on the model's 
performance. Also, even though under the specific experimental conditions their effect may 
be insignificant, they are incorporated in the model, since under other conditions, e.g. scale-up 
calculations, they may be important. One example is Figure 5.12, where the Na uptake 
profiles are affected when the pellet size changes from 3 to 10 mm. This could be expected 
because the pellets are getting big enough for intrapellet diffusion to start dominating the 
performance of the process.
d) Effect of grain size (rg)
The effect of the grain size on the results of the simulations was pronounced when the same 
optimised parameter values were used for fitting the 200,400 and 600 hr experimental uptake, 
profiles. The optimum intragrain diffusivity value obtained for the 200 and 400 hr runs would
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not fit the 600 hr run (Figure 6.3) unless the grain radius was given a value of 27 pm, bigger 
than the 20 pm measured value and bigger than the 15 pm, value used for the 200 and 400 
hr runs. The sensitivity o f the model to the grain radius is apparent as sensitivities of ~130 and 
75 are obtained with a perturbation of ±10% respectively from the measured value of 20 pm.
The fixed bed results showed that the uptake of the first layer for the 400 hr run (4.35 %wt) 
was more than the corresponding uptake for the 600 hr run (3.68 %wt). This could be 
attributed to the different grain radii used in the two runs and the grain radius is incorporated 
in the reaction rate expression. Daoudi et al, (1991) also found that conversion levels 
increased as grain size decreased in experiments performed on the reaction of HCI with fully 
calcined commercial limestone particles.
A Coulter Counter measurement of Fuller's Earth powder has given a rough idea of the grain 
sizes that should be expected. Almost 50 % by volume of the powder particles were smaller 
than 25 pm  and 80 % smaller than 45 pm. However, the grain size distribution could change 
once the grains are agglomerated and calcined to form pellets. Grain sizes in pellets could be 
measured accurately from the secondary electron images obtained by SEM. Electron 
microscopy is a particle-sizing technique in which individual particles are observed and 
measured, but in this case the instrument was found to be incorrectly calibrated and the 
images were of no direct use.
However, the secondary electron images of Fuller's Earth pellets obtained by SEM have been 
examined using an image analysis package to measure the grain radius, and hence the 
distribution of grain sizes in the pellets. These measurements were based on the convention 
of taking the major axis to represent the grain diameter. This is an arbitrary convention which 
may result in some systematic errors. The distribution illustrates the non-uniform grain sizes 
in Fuller's Earth pellets (Figure A.VI.2), which is also illustrated in the SEM digital maps
i.e. for the 200 hr run, where the smaller grains are completely converted, whereas the big 
grains are only partially converted. This implies that the mean effective grain size would 
increase with time. The size distribution obtained by the image analysis package could be 
represented by the Rosin-Rammler or log-normal distribution (Allen, 1981) (Figure A.VI.3). 
Szekely and Proster (1975) have shown that the rate of conversion for pellets produced with 
grains having a log-normal size distribution is not significantly different from that of pellets
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produced from grains of the same size. However, for this system the grain-size distribution 
has to be incorporated in the model and further examined in order to give a definite answer 
on the effect of the non-uniform grain size on the process.
The grain sizes of the resin-mounted pellets used for SEM were also measured by an optical 
microscope. The measurements of grain sizes of the two pellet sizes used showed that the 
smaller pellets have a grain diameter of 30±3 pm  (200 & 400 hrs), and the bigger ones a 
grain diameter of 44±10 pm (600 hr runs) (Table A .V I.l). Although this method cannot be 
very accurate, because the selection of the grains measured was random and the number of 
measurements was small, it can still give some idea of the grain size.
e) Effect of water vapour
McLaughlin (1990), using the Szekely approximation for the pellet-grain model, has 
effectively incorporated the water vapour concentration term in Ke and k s. As a result, the Ke 
and k s values estimated, are characteristic of the water concentration in the system. The water 
vapour concentration used at 827 and 927°C experiments as well as the 650°C runs, was 5 
%vol. This value was used throughout the experimental work because it was of industrial 
interest. For this reason and due to the long duration of the fixed bed tests, especially at 
650°C, no fixed bed tests without water or with different water concentrations were 
performed.
Under the low Na concentrations of the 650°C runs, the rate of reaction could be safely 
considered as zero order in H20 , because this was in such abundant supply that its 
concentration was nearly constant throughout the experiment. However, experiments are 
required to determine the effect of water on the reaction and the equilibrium constants.
f) Effect of superficial velocity (u)
The superficial velocity determines the volumetric flow rate of the inlet gas and consequently 
the quantity of NaCl that enters the fixed bed reactor. The volumetric flow rate was always 
measured before and after the experiments, to ensure that the maximum error did not exceed 
±1%. In addition, as mentioned in Section 6.1.2, the temperature of the high precision flow
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controllers and supply pressure regulator was kept stable in order to minimise the fluctuation 
in the gas flow rate caused by ambient temperature changes. The closure of the sodium mass 
balance also indicates that the superficial velocity has been determined accurately. From the 
sensitivity analysis it is shown that if the error is large (±10%), e.g. a major leak in the 
system has occured, the fitting of the experimental and theoretical concentration profiles is 
going to be seriously affected.
g) Effect of interpeliet (E j and intrapellet (Ep) porosity
Perturbing the bed voidage by ±10% does not affect the model's performance very much 
under the laboratory conditions but it will affect the pressure drop in full-scale fixed beds. 
Changing the pellet porosity by ±10% does not have a significant effect on the theoretical Na 
concentration profiles. This result agrees with the model insensitivity to the intrapellet 
diffusivity, because diffusion through the pellet does not present a significant resistance to the 
sorption process under the experimental conditions.
h) Effect of mass of solid per unit length of bed (©Ar) and sorbent molar density (ps)
The mass of solid per unit length of bed can be determined accurately by experiment. This 
is confirmed in Table A.II.9, where the experimentally measured distances with a travelling 
microscope are compared with the distances calculated from the measured mass of solid per 
unit length of bed and these values agree to within ±0.01 cm. The sorbent molar density is 
less certain and could vary by ±10% since the value used was supplied by the manufacturers. 
The sensitivity analysis (Table 5.3) showed that such a big change in this parameter would 
affect the concentration profile significantly, since this quantity represents the amount of 
sorbent in the bed.
i) Effect of stoichiometric coefficients (fo & fo) and sorbent saturation capacities (Kj & K J
As the reactions are written, the stoichiometric coefficients of the solid reactants, fo and b2, 
were taken as 1.0, although for the solid product of reaction 1, nepheline (N a A A lA ^ S iC ^ ), 
the sodium content is three times higher than for albite ( N a ^  A l20 3.6Si02), which is the solid 
product of reaction 2. Perturbing the stoichiometric coefficients by ±10%, showed a
148
significant effect of b2 on the high-acid results, where the second reaction is taking place. This 
agrees with the above observation that albite has a lower sodium content compared with 
nepheline, and may indicate that b2 could be different from unity; a point which should be 
borne in mind.
The sorbent saturation capacity for Na was experimentally measured by McLaughlin but it 
needs further investigation across the experimental range of temperature (650 - 927°C), since 
it is an important parameter for scale-up and process economics. The total capacities measured 
at 827°C from McLaughlin, 12.5 %wt, based on reacted solid material, or 14.5 %wt, based 
on initial solid, generally agrees with the value obtained from fixed bed tests at 650°C, 
14.6%wt, which is based on initial solid. However, the capacity of the second reaction, 4.7 
%wt, still seems to be under question as already discussed taking into account Figures 5.6,5.7.
j) Effect of NaCl inlet concentration
Increasing the NaCl inlet concentration, a faster uptake would be expected. Eventually at high 
NaCl concentrations, a plateau should start to form as the Na uptake reaches the saturation 
capacity of the solid. These effects as predicted from the present theory are shown in Figure 
6.4. The NaCl inlet concentration is a measured value and great care was taken so that the 
experimental error would not be more than ±2%.
k) Effect of number of tanks and time steps
In this work, the effect of axial dispersion has been taken into account by the selection of the 
number of tanks used in the numerical solution. Ideal plug flow is approached and the 
effective axial dispersion decreases as the number of tanks increases. As a result, a sharper 
concentration profile and stiffer equations are expected as the number of stages increases. The 
smaller the number of tanks, the more the concentration profile flattens because the effect of 
axial dispersion increases.
In making the tanks-in-series approximation, a Taylor's series expansion has been truncated 
before the second order term, which can be considered as an "apparent axial dispersion" term, 
which simulates the actual axial dispersion (Nagaev, 1974).
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As a result, when the number of tanks is small, e.g. N = 5, the second order term becomes 
significant and effective axial dispersion becomes more pronounced (Figure 6.5). The model 
appears to be unaffected by the size of time steps used, at least in the scale of ±10%. For very 
big time steps, it was observed that the Na mass balance would not close.
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Figure 6.4 : Effect of changing the NaCl feed concentration to the 600 hr high-acid run
1) Effect of pressure
All the experiments were performed at atmospheric pressure because this makes the apparatus 
simpler, since leaks in the system should be limited to a minimum. Minimisation of leaks is 
quite important as an incorrect alkali mass balance can lead to false conclusions about the 
sorptive capacity of the getter. As pressure was incorporated in the model, a theoretical 
concentration profile was obtained for the laboratory reactor at 24 bara with the same 
superficial velocity, 10 cm s'1, used in the experiments (Figure 6.6). This prediction will again 
be sensitive to all the assumptions concerning the reaction kinetics and equilibria.
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Figure 6.5 : Effect of the number of tanks used on the fitting between experimental and
theoretical data for the 600 hr high-acid run 
m) Effect of the reaction parameters (Kc, ks9 Dg)
Changing the equilibrium groups (Kel and Ke2) values ±10% (Table 5.3), did not seem to 
make much difference as the value of 5000 seems to be high enough to keep the two 
reactions far from equilibrium. The reaction rate group (ksl) for reaction 1 slightly affects the 
tail of the concentration profile for the non-acid mn, while it does not affect the high-acid 
results. This was expected as the first reaction does not take place to any significant extent 
under high-acid conditions, where the second reaction parameters should be more significant. 
The reaction rate group (k s2) for reaction 2 only affects the tail of the profile of the high-acid 
mn, while it does not seem to affect the non-acid results, since the first reaction is more 
pronounced under these conditions. Perturbing the intragrain diffusivity for reaction 1 by 
±10% does not affect the concentration profile of the non-acid mn as the first reaction, 
indicated by the shape of the profile, is reaction-rate limited, while the same diffusivity for 
reaction 2 affects the profile of the high-acid run quite significantly, indicating that the 
process is diffusion limited under these conditions.
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6.5 SCALE-UP
The scale-up calculations for the reactor dimensions were performed on the basis of 
constraints set by the required bed pressure drop (<1 bar), the appropriate bed length/pellet 
diameter ratio to minimise the effect of axial dispersion, the appropriate bed/pellet diameter 
ratio to minimise radial dispersion, the superficial velocity (30 cms'1), the inlet alkali 
concentration (129.4 ppb wt Na+K), the required outlet alkali level (70-100 ppb wt Na+K) 
and the proposed operating times for the commercial sorbers (8000, 16000 and 24000 hrs) 
(Fantom,1993).
The scale-up of the alkali removal process at 600-650°C and 24 bara, was based on the fixed 
bed sorption model, which assumes that the system is isothermal and there are no significant 
radial concentration and velocity gradients. The significance of the axial dispersion decreases
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generally as the superficial velocity and the length of the reactor increase, and it increases 
with the pellet diameter. In most cases, axial dispersion can be considered negligible. The 
smallest axial Peclet number calculated for this system is 300, which corresponds to an 
intermediate amount of axial dispersion. N2 was considered as the bulk, carrier gas for scale- 
up, since it was used throughout the experimental work. Fuel gas contaminants (Mulik et al, 
1986), in particular tar components, do not apparently affect the sorbent's alkali performance 
on the basis of the results with the Fuller's Earth pellets that have been carbon-coated.
For a 4 m diameter sorber, the proposed reactor lengths are 1.5 m for 8000 hrs of operation, 
3 m for 16000 hrs and 4 m for 24000 hrs (Table 5.4). The highest outlet alkali concentration 
would be highly affected by the HCI concentration and the water vapour content in the coal- 
derived gases (Tables 5.5, 5.6). For the proposed 129.4 ppb wt alkali feed concentration, 942 
ppmv HCI feed concentration and Kel, Ke2, k sl, k s2 calculated by the laboratory optimum 
values and the 15 %vol H20  vapour feed concentration in the full-scale reactor, the highest 
outlet alkali concentration predicted is ~18 ppb wt.
6.6 SUMMARY
The results indicate clearly that the modifications to the fixed bed rig proved successful and 
the care taken during the experiments for the determination o f sodium uptake was worthwhile. 
Since the accuracy achieved for the experimental results was very high, they provided a strong 
basis for testing the theory. The single-layer tests gave a strong indication of the relative 
gettering capacities between Fuller's Earth, kaolin and gasifier-pretreated Fuller's Earth pellets, 
while the fixed bed tests with Fuller's Earth were used for the extraction of the parameter 
values that describe the process.
SEM images strongly supported the idea of representing the alkali uptake by Fuller’s Earth 
with the pellet-grain model, since the porous pellet structure was formed by grains of irregular 
shape and non-uniform size. These images also show the alkali sorption to follow the 
shrinking core pattern within the grains. Exit gas analysis measurements proved that the HCI 
production was directly connected to the alkali concentration in the system, while the presence
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of water significantly increases the rate of uptake. However, the exact role of water in these 
reactions remains uncertain and more experiments with different concentrations of water and 
NaCl are necessary in order to specify the order of reaction with respect to these reactants. 
X-ray studies identified albite to be the solid product of reaction 2 and nepheline as the solid 
product of reaction 1, which generally agrees with the observations of other researchers on 
the solid reaction products of the alkali retention process by aluminosilicates. At 650°C it 
would appear that either reaction 1 occurs under non-acid conditions or reaction 2 occurs at 
high-acid conditions. Further experiments at intermediate HCI concentrations are required to 
show if these reactions are really in parallel or in series.
The fixed bed alkali sorption model, which incorporates the pellet-grain model and the tanks- 
in-series method of solution for the Na and HCI convective mass balances in the fixed bed, 
proved capable of fitting the experimental profiles at the temperature range of 650-927°C. To 
reveal the possible uncertainties involved in the pellet-grain model and the numerical methods 
used in McLaughlin's computer program, a new program was developed using the Gear's 
method, a variable-time-step, variable order numerical method to solve the stiff system of the 
differential equations that describe the bed and pellet performance. The optimum model 
parameter values were used as a basis for the scale-up calculations. The sensitivity analysis 
performed on the model parameters showed a number of parameters that can significantly 
affect the model's performance. The sensitivity to measured parameters such as superficial 
velocity, mass of solid per unit length of bed and NaCl inlet concentration justifies the effort 
during this work to reduce the experimental errors. Measured parameters that still need further 
investigation are the Na saturation capacities and the grain size, where the mean grain size 
used in the model should possibly be introduced as a grain size distribution, in order to 
represent reality more accurately. From the fitted parameters, the model is more sensitive to 
the stoichiometric coefficient and the intragrain diffusivity for reaction 2 under high-acid 
conditions.
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C H A P T E R  7
CONCLUSIONS AND RECOMMENDATIONS 
7.1 CONCLUSIONS
The application of the advanced clean coal technologies is critically dependent on 
improvements in gas turbine technology and the development of hot gas cleaning techniques. 
Studies on alkali salt vapour removal at high temperatures, 827 - 927°C, were carried out by 
McLaughlin (1990) under the Contaminant Control Programme for the development of the 
British Coal Air-Blown Gasification Cycle, since alkali salt vapours were found to seriously 
corrode the gas turbine components. Fuller's Earth, an aluminosilicate proved to be an 
efficient sorbent for the removal of alkali vapours from hot gases with packed beds. However, 
the development of hot gas cleaning techniques with ceramic filters for the removal of the 
fine particulate matter, have now focused on the temperature range of 400 - 600°C because 
of equipment failure at higher temperatures. At these temperatures, most of the alkali chloride 
vapour, which is the predominant alkali species in gasifier product gas would be expected to 
condense on the particulate matter and be removed by filtration.
However, since gas cleaning techniques are under development, a complete alkali vapour 
removal study in the temperature range of interest, 600-927°C, was necessary and further 
work at the lower temperature of ~600°C needed to be performed. As a result, at the 
temperature of 600°C, the application of the fixed bed sorption method and the suitability of 
Fuller's Earth and kaolin as alkali getters, needed to be checked. The alkali sorption model 
should be revised and confirmed and the uptake mechanism should also be investigated by 
detecting the HCI concentration in the fixed bed effluent.
A fixed bed run for NaCl on Fuller's Earth over 240 hrs at 600°C clearly illustrated the 
difficulties of working at this temperature. The amount of NaCl entering the bed was very low
0.82 ppm wt Na. Consequently, it was unlikely that bed profile modelling could be effective 
using these results. Increasing the temperature to 650°C increased the sodium concentration 
at the inlet to the bed to 1.8 ppm wt Na making the system experimentally practicable, 
although run times had to be eventually extended to 600 hrs. The combination of the above
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two modifications allowed accurately measurable sodium profiles to develop within the bed 
of Fuller's Earth pellets.
The fixed bed rig has proved capable of stable operation for up to 600 hrs at 650°C with a 
constant alkali vaporisation rate of 0.3 mg hr’1. Operating conditions can be adjusted to 
virtually eliminate temperature gradients for a getter bed depth of 10-15 mm. The accuracy 
of sampling the bed has been improved to ±0.1 mm. Alumina wool filter pads downstream 
of the bed are effective exit gas alkali traps and sodium mass balances have been closed to 
better than 99%. The analytical method for quantitative determination of alkalis in getter 
pellets has been substantially modified to meet current safety standards without loss of 
accuracy. The resulting alkali uptake profiles derived from analysis of the fixed getter bed are 
consequently of very high quality.
Single-layer and packed bed experiments lasting up to 600 hrs were performed at 650°C, 
under atmospheric pressure and a gas inlet composition of 4.58 ppm wt (2.2 ppmv) NaCl, 5 
%vol H20  and 0 - 1 6 0  ppmv (0-208 ppm wt) HCI with nitrogen as the carrier gas. In 
addition, single-layer tests of 200 hrs, provided a simple way of avoiding the complications 
of a fixed bed, to evaluate the sorbent's capacity for sodium vapours at 650°C and for 
evaluating two sorbents simultaneously by using a mixed layer. While Fuller's Earth exhibits 
a characteristically reduced uptake in the presence of acid, kaolin does not seem to be 
seriously affected. Fuller’s Earth pellets which had been pre-treated in a gasifier and which 
were therefore coated in carbon were also tested. These pellets showed the same sodium 
uptake values as clean Fuller's Earth pellets used for all the other runs. This indicated that the 
carbon deposition in the gasifier may not affect the sorption capacity.
Fixed bed tests of 200, 400 and 600 hrs performed with 10-15 mm beds of Fuller's Earth 
pellets exhibited well developed profiles for the non-acid and high-acid 600 hr runs. A 
maximum uptake value of 14.6 %wt was obtained without acid, whereas a 3.8 %wt uptake 
was obtained with 160 ppmv HCI. These uptake values are similar to the values obtained by 
McLaughlin under similar conditions. The reduced uptake under high-acid conditions 
confirmed that the previously observed inhibitory effect of HCI was also present at the 
intermediate temperature of 650°C. The experimental outlet sodium concentration obtained 
from the chemical analysis of the alumina wool pads downstream of the fixed bed, was found 
to be 5.5 ppb wt. A KC1 high-acid, fixed bed run exhibited a maximum uptake value of
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2.75%wt and a concentration profile along the bed not identical to the corresponding NaCl 
one.
SEM/EDS/WDS digital element mapping proved to be a highly effective technique for the 
study of alkali uptake within pellets. Shrinking core behaviour is evident in the grain structure 
of Fuller's Earth, but not for the overall pellet. The reverse is tme for kaolin. Linescans 
performed across Fuller's Earth grains, also support the shrinking core model for grains. X-ray 
images obtained on the light- and dark-coloured pellets observed at the 600 hr non-acid run, 
did not indicate any difference in the alkali sorption pattern. Consequently, the difference in 
colour was attributed to impurities in the pellets. Carbon deposited on pellets pretreated in the 
CRE gasifier did not inhibit alkali sorption. The shrinking core behaviour is also evident for 
potassium sorption by Fuller's Earth. Comparing the secondary electron images of untreated 
and treated pellets, a structural change was not obvious at the temperature of 650°C, even 
after pellets were exposed to alkali vapour for 600 hrs. Unfortunately, no measurement of the 
specific surface area was obtained on the treated sorbent since the required quantities were 
bigger than the available sorbent after the chemical analysis for the determination of the alkali 
uptake.
The two-reaction scheme suggested by McLaughlin (1990), has been applied to the alkali 
sorption process at 650°C and the theoretical profiles could fit the experimental results at both 
non-acid and high-acid conditions. However, the 650°C profiles did not show the 
characteristic 'knee' shape of the non-acid profiles at 827 and 927°C. X-ray studies have 
indicated the formation of albite under high-acid conditions and of nepheline under non-acid 
conditions. It is possible that both nepheline and albite were produced in the absence of HCI, 
but that only nepheline could be detected because the nepheline effectively masked the 
presence of albite using the current methods. However, there is evidence from this work that 
one reaction applies in the absence of acid leading to the production of nepheline and a 
second reaction applies in the presence of HCI which has a greatly reduced sodium capacity 
and leads to the production of albite. At 650°C, there is no direct evidence that both reactions 
occur either in parallel or series. The bed profiles do not show the 'knee' at 650°C which led 
to the development of the two-reaction theory at 827°C and 927°C.
The reaction mechanism was studied with fixed bed runs, where the HCI concentration was
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measured approximately at the bed exit with an on-line HCI monitor. It has been confirmed 
that HCI is produced when both NaCl and H20  vapour are present in the system. However, 
the HCI concentration measured was lower (~3 ppmv) than the expected (~5 ppmv) value 
calculated from the NaCl feed concentration (~5 ppmv).
NaCl seems to be physisorbed on Fuller's Earth under dry conditions. Although the presence 
of water vapour in the system was found to increase significantly the rate of uptake, the 
detailed mechanism o f the reaction has not been investigated. The uptake under dry conditions 
cannot be attributed to hydroxyl groups that have not been lost during calcination alone. A 
study in which the calcined Fuller's Earth was rehydroxylated with water and then exposed 
to NaCl in dry gas was conducted. The resultant sorption of NaCl exceeded the capacity of 
the hydroxyl groups created. This study indicates that NaCl and water must be present 
simultaneously for the effective sorption of sodium.
The alkali sorption model, which combines the tanks-in-series approximation for the 
convective mass balance in the fixed bed, with a pellet-grain model for the gas-solid reaction 
occuring within each sorbent pellet, originally derived by McLaughlin from high temperature 
studies, has been revised and modified to take account of pressure and temperature effects. 
It can work now for any pressure and for temperatures where experimental work has been 
done; at 650, 827 and 927°C, and at 600°C, where there is industrial interest for gas cleaning 
in the Air-Blown Gasification Cycle.
During the revision of McLaughlin's model, a number of uncertainties over the assumptions 
made and the numerical methods used, were revealed. The most important issue, which was 
revealed through experimenting in gPROMS, a dynamic simulation environment, was over 
the reaction reversibility. In the Szekely approximation for a reversible gas-solid reaction, 
equilibrium can be approached only from one side and if conditions subsequently change to 
reverse the reaction, the model can erroneously predict negative conversions. Therefore, if a 
reaction is required to be fully reversible, the Szekely approximation would not be appropriate 
for predicting the pellet conversion.
A new computer program has been written using the variable-time-step, variable order, Gear's 
method, to solve the system of 4N equations that account for the Na and HCI convective mass
158
balances in the N tanks of the fixed bed and for the alkali uptake by the sorbent pellets with 
the two-reaction mechanism. Temperature and pressure effects were incorporated in the 
program, so that it can work for any temperature and pressure. The only problem with the 
new program is that the quantities to be solved, the gaseous reactant and product 
concentrations and the pellet uptake concentrations, constitute a stiff system. Stiffness will 
increase even more when the system approaches plug flow and this will increase the 
computational time required for solution. However, since under the conditions checked, the 
two programs can give the same answer, the McLaughlin program can be considered a valid 
approximation of the alkali sorption process under most circumstances.
The pellet-grain model has been independently checked in simulating in time a single pellet 
alkali uptake. The Szekely approximation for the pellet conversion was solved using the 
Newton-Raphson method as in McLaughlin's program. The comparison of the analytical and 
the numerical estimation of the rate of reaction has shown that while the analytical value 
would be sensitive to a fast reaction, like the second reaction whose rate is changing quite 
rapidly in short times, the numerical value would be insensitive. This proves that the Newton- 
Raphson method can be safely used for a single pellet simulation where the gaseous reactant 
concentrations are assumed constant around a pellet. In order to minimise the errors arising 
from this assumption for a fixed bed, small time steps have to be used. The Na mass balance 
would not close for large time steps (e.g. 100 hrs).
An optimum set of equilibrium constants, reaction rate constants and intragrain diffusivities 
(Ke, ks and Dg) for the two-reaction scheme has been obtained by fitting the experimental with 
the theoretically produced Na concentration uptake profiles. A sensitivity analysis of the 
model parameters has revealed that the model predictions are most sensitive to parameters 
such as the superficial gas velocity, the sorbent bulk and molar density, the grain radius, the 
saturation capacities of the two reactions, the feed NaCl concentration and from the fitted 
parameters, the stoichiometric coefficient and the intragrain diffusivity for reaction 2 under 
high-acid conditions. The high sensitivity of the model to these parameters justifies the efforts 
to minimise the experimental errors.
Secondary electron images of the grains in a pellet have indicated that the Fuller's Earth 
pellets are made of non-uniform size grains. A drawback of the grain model is that a uniform
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grain size had to be postulated in order to express the governing equations in a readily soluble 
form. The effect of the grain size on the model was pronounced at high-acid conditions, 
where intragrain diffusion predominated and the intragrain diffusivity could not take the same 
value to match the 200, 400 and 600 hr runs. The grain radius required to simulate the 600 
hr run was 27 pm  for the same intragrain diffusivity, considerably larger than the 
corresponding 200 and 400 hr grain radius value, i.e. 15 pm. Pellet structure images obtained 
by SEM via an image analysis package, have given a grain-size distribution based on the 
number of grains measured on the cut plane of a pellet. The measured distribution seems to 
follow the Rosin-Rammler distribution.
Scale-up simulations have indicated that exit gas alkali levels of below 20 ppb wt should be 
obtained with a 4 m bed length of 3-10 mm diameter pellets in a 4 m diameter reactor at 25 
bar operating continuously for up to 24000 hrs under the operating conditions specified by 
CRE. The main features of the operating conditions are a total alkali concentration of 129.4 
ppbv, 15 %vol H20  vapour and 942 ppmv HCI (dry basis). These predictions are based on 
data obtained at 650°C. In a full-scale reactor, bigger pellets compared with the laboratory 
conditions, are used and diffusion through the pellet could present a significant resistance. 
Hence, in the full-scale reactor, the idea o f a pellet-size distribution would be revelant where 
it is not relevant in the laboratory test particles.
In summary, the fixed bed sorption has been proved to be an effective method of alkali 
vapour removal at the intermediate temperature of 650°C. The inhibitory effect of HCI has 
been observed at this temperature. The alkali sorption model derived from the high 
temperature experimental results, has been successfully applied at 650°C. A new computer 
program was developed to solve rigorously the McLaughlin model. The model parameters 
were evaluated by fitting the theoretical Na uptake profiles along the fixed bed with the 
corresponding experimental results. These values have been used for scale-up calculations. 
The two-reaction scheme seems to describe satisfactorily the alkali sorption process in the 
temperature range of 650-927°C.
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7.2 R E C O M M E N D A T I O N S
According to the conclusions made from this research project, further investigation can be 
recommended on the following subjects :
1) As the single-layer tests indicated that kaolin appears to perform very well as an alkali 
getter at the temperature of 650°C, fixed bed tests are necessary to confirm these preliminary 
results. The product of the reaction with kaolin needs to be determined and the reaction 
equilibria and rates need to be measured. Further studies will be required to determine if real 
operating conditions preclude the use of kaolin. For instance, the effect of carbon deposition 
on the kaolin pellets needs to be investigated to ensure it does not inhibit the reaction with 
sodium.
2) The saturation capacity of Fuller's Earth for Na was measured by McLaughlin to be -14.4% . 
Since these experimental results were not very accurate, the performance of the model seems 
to be sensitive to the saturation capacities of the two reactions and the sorbent's saturation 
capacity is an important parameter for scale-up, further investigation is necessary to measure 
accurately these quantities. These studies can be performed in a small laboratory reactor 
(possibly a simple batch reactor) but for very long run times (e.g. 1000 hrs).
3) The specific surface area (BET) should be measured from pellets before and after treatment 
in order to confirm that there is no loss of surface area during reaction. This again should be 
especially important to ensure there are no structural changes when pellets are exposed to 
sodium for very long periods of time.
4) Further experiments, at intermediate HCI concentrations are required to show if these 
reactions are really in parallel or in series, since under non-acid conditions only nepheline was 
identified, instead of the combination of both nepheline and albite that was expected.
5) Experiments to investigate the reversibility of the uptake reactions, when fixed beds that 
have already been exposed to sodium are exposed to a high feed HCI concentration. This 
would be an important observation since the Szekely approximation cannot be applied simply 
if the reactions are truely reversible.
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6) Further investigation of the role of water in the reaction scheme and the order of reaction 
with respect to water vapour and NaCl is necessary. In order to find the order of reaction, 
TGA or. fixed bed tests with different water and NaCl inlet concentrations have to be 
performed.
7) To improve the speed of the new computer program, an investigation should be conducted 
where the concentration gradients of the gaseous reactants and products are kept constant 
when solving for the pellet fractional conversion and then vice versa. This might eliminate 
some problems caused by the stiffness of the system of equations, since these phenomena 
occur on quite different time scale.
8) Size distributions for the pellet and the grains should be incorporated into the model. In 
the laboratory scale studies described in this work, the pellets were too small to represent a 
significant resistance to mass transfer, but in commercial units the requirement to minimise 
the pressure drops will ensure much larger and less uniformly sized pellets will be used.
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A P P E N D I X  I
A.1.1 Description of the main parts of the rig
The Fixed Bed Rig, Figure A.I.1, used for the evaluation of alkali sorption characteristics of 
aluminosilicates like Fuller's Earth and kaolin, consists of the following parts:
- The microbalance head is mounted in a temperature controlled enclosure containing a 
heating element and fan in order to eliminate the effects of variations in room temperature. 
The operating temperature is 35±0.5°C.
- The Vapour Generator : an ultra-pure (>99.95%) alumina tube of 17 cm length and 1.2 cm
i.d., in which a NaCl crystal is suspended in a N 2 gas stream (110 cm3min‘1) by an R-type 
thermocouple from a 5 g capacity microbalance (CI Electronics). The crystal temperature is 
recorded via 0.001" wires connected to the thermocouples used to suspend the crystal from 
the microbalance. These thin wires are required to minimise any effect on balance 
performance. The crystal temperature is determined by the heater outside the alumina tube. 
The heater's temperature is controlled by a programmable CRL temperature controller.
The crystal is drilled at the bottom to fit over the thermocouple junction and at the top for 
a Pt wire to keep it in position. This way, the crystal temperature can be directly measured. 
The weight of the crystal used, depends on the duration of the run. For a 600 hr run, the 
crystal weight should be not less than 200 mg, as the experiment requires 180 mg NaCl 
vapour to be produced. The alumina tube ends to a nozzle of 5 cm length and 0.23 mm 
diameter, which is required for jet mixing of the gas streams (McLaughlin, 1990). The nozzle 
is also made from ultra-pure alumina.
To cut down heat transfer to the balance head from the heaters below, a water cooled heat 
exchanger connects the alumina tube to the microbalance with "Viton" neoprene O-rings, 
providing a seal between the tube and the heat exchanger. An internal heater coil preheats the
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Figure A.I.1 : Schematic Diagram of the Fixed Bed Alkali Sorption Rig
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gas entering the vapour generator.
- The Mixing Section : an alumina (96%) tube of 17.5 cm length, between the Vapour 
Generator and the Bed Section. The two ceramic tubes are of the same diameter and are 
connected with a polished spring compression butt jo in t In this tube, the NaCl vapour stream 
is mixed with the main gas stream, N2 (carrier gas) with 5 %vol H20  vapour, which enters the 
system from a heated side arm ceramic tube. Jet mixing occurs at the nozzle.
The main gas stream passes through two bubblers, which are kept submerged in a water bath 
at 34°C. The bath's temperature determines the percentage of water in the main gas stream. 
Liquid concentrated hydrochloric acid can also be injected after the bubblers' assembly. The 
acid is supplied to the system by a syringe which is filled in by a small acid reservoir. Teflon 
valves were used throughout. The syringe is mechanically driven and injects acid into a 
heated gas line at a fixed flow rate. The flow rate depends on the requiired HCI concentration.
- The Bed Section : an alumina (96%) tube, of 20 cm length and 2.5 cm i.d., in which a fine 
Pt/Rh gauze supported on a ceramic disc drilled with 15 mm holes, holds the randomly 
packed sorbent bed. Alumina wool pads are inserted under the fixed bed to capture 
condensed alkali in outlet gas. The best arrangement, was three compressed pads close to the 
bed (85 mm from the exit of the ceramic tube) and one at the bottom of the tube, before the 
exit.
- a condenser system, which is fitted at the exit o f the fixed bed ceramic tube, to collect the 
water and HCI introduced and generated into the system.
A.1.2 Control
At the ultra-pure alumina tube, there is an external heating coil, made by 1.5 mm wire, which 
maintains the crystal's temperature. Heating was performed by Thermocoax (Philips Scientific) 
minerally insulated heater wire, sheathed with Inconel. An internal coil using 1 mm diameter 
wire is used to preheat the nitrogen flowing in the Vapour Generation section. The crystal's 
weight is monitored by a balance control unit via the CI microbalance. The weight loss rate 
is calculated by an Isis IBM-compatible computer, which is finally connected to the CRL
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controller through an RS-232 connection. A proportional-integral control algorithm determines 
the appropriate temperature of the Vapour Generator to keep the weight loss rate as constant 
as possible.
External heating coils of 2.5 mm Thermocoax wire, are used to heat to the required 
temperature the mixing section and the fixed bed section. A secondary coil of 1.5 mm wire 
was added to the bottom of the bed section to reduce the gradient across the sorbent bed. All 
the heaters are connected to programmable PID controllers (West 3400 & 3750) and via them 
their temperature is monitored and controlled by the computer. A t the 650°C experiments, the 
temperatures for the different parts of the rig are specified as set-points for the controllers and 
are given in Table A.I.1. The Vapour Generator, the Gas Inlet, the Mixing Section and the 
Fixed Bed Section are all well insulated with strips of alumina wool. The main gas stream 
coming out from the bubblers, is first preheated with warm water being circulated in a 
concentric to the main gas stream tube and is coming from a water bath held at ~50°C. Before 
it enters the side arm ceramic tube, it is trace heated with externally wound heating coil. The 
tubes used are made by PTFE.
A.I.3 Power Supply
The power supply to the heater coils is via two Slidup B-20 Variac transformers, set at 110V 
and 40V, and a Stanton-Redcroft ZUSM 207B transformer supplying 75V, 20V and 18V. A 
RS Variac supplies 17V to the trace heater on the gas inlet and HCI injection point.
A.I.4 Gas Supply
Nitrogen at 15 ml/min NTP is flushing the balance head and at 90-120 ml/min NTP enters 
through the water-cooled top. The main gas stream is 835 ml/min NTP. Gas flow control 
is performed by Negretti M2545 flow controllers temperature controlled. The gas composition 
in the system for the 650°C experiments, is 4.58 ppm wt NaCl, 5 %vol H20 , 0, 50 or 160 
ppmv HCI and N2 as balance. The actual superficial velocity is 10 cm s'1.
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Table A.L1: Temperature controller set-points for the heating elements in the rig
Coil Temperature controller set-points (°C)
Internal 650
Salt Vapour Generator 640 - 660
Gas Inlet 600
Trace Heater < 100
Mixing Section 595 - 610
Mixing Section-Nozzle 670 - 710
Bed Section 630 - 640
Lower Bed Section-secondary 680 - 683
A.1.5 Safety
Most o f the experiments have a duration of some days which requires a safety system for long 
term, unattended operation. The gas pressure in the balance head is monitored continously and 
the gas supply will be vented to the atmosphere if  the pressure exceeds 750 mm H20 . The 
bed pressure drop is also monitored continously. The temperature controllers have alarm 
limits, which when exceeded, shut off and lock out all the power supplies. This will also 
occur if  the flow monitor on the outlet of the water cooling loop detected "NO FLOW" or if 
the mains power supply failed temporarily. All power supplies are fitted with 30 pA earth 
current trip.
A.L6 Data Handling
An Isis 8086 computer logs the salt crystal weight loss rate, the temperatures of the vapour 
generator, NaCl crystal, gas inlet, mixing section, nozzle, fixed bed top and bottom section 
and microbalance head, the gas pressure inside the microbalance and the bed pressure drop, 
the elapsed time from the beginning of the experiment and the number of control steps made 
by CRL controller in order to control salt vaporisation rate. These readings can be extracted 
on floppy disk throughout an experiment.
One of the more serious problems of the system is to maintain gas tight seals at ceramic-
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ceramic joints. A four-spring system is used to keep the jo in t tightly sealed and also let the 
two ceramic tubes be freely aligned. The gas flow rates were always checked before and after 
an experiment with a bubble flowmeter and the results were very satisfactory (95 - 99% 
sodium mass balance).
A.1.7 Performance
The consistency of the experimental apparatus and method were checked by the 200, 400 and 
600 hr experiments at 650°C (923 K) with 4.58 ppm wt NaCl, 5 %vol H20  and 160 ppmv 
HCI. The almost parallel profiles of 200 and 400 hr, Figure 3.4, show the same system 
behaviour, where their only difference is the amount of sodium adsorbed, which in 400 hr run 
is double the 200 hr amount. Also, the same outlet alkali concentration of the 400 and 600 
hr, 5-6 ppb wt, was another proof of the system's reproducibility.
A.L9 Experimental Procedure
A detailed experimental procedure was developed for the operation of the fixed bed rig at 
650°C, during the start-up, run time and shut-down of an experiment. The NaCl crystal is cut 
and drilled in order to be held in vertical position by the thermocouple and the rig is lowered 
to enable the crystal to be fitted to the balance hangdown. To protect the microbalance the 
hangdown is clamped, while the crystal is positioned on the hangdown. The rig is raised and 
sealed to the balance head.
The sorbent bed is prepared by fitting the alumina wool pads in the bed section and by 
pouring weighed calcined pellets into the bed section to a depth of 10-15 mm. This is then 
shaken to settle the pellets. The top is leveled by sucking layers of pellets until the required 
bed height obtained. The pellets are then taken out of the bed, weighed and poured back 
again. The bed section is manipulated into place and the heater raised around it. The bed 
section is hanged by a four-spring system and the ceramic-ceramic joint is sealed by the 
strength of the springs. The springs are holding the metal base on which the bed section is 
placed. The main gas stream, without H20 ,  is turned on and the total flowrate is checked. 
The settings for the flow controller are given in Table A.I.2.
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Table A.L2: Flow Controller Settings
Temperature of the experiment 650°C
Superficial velocity 10 cm s'1
Temperature of the Flow Controller 32°C
Pressure of the Flow Controller 2 bar
Total Flow Rate (STP) 950±5 ml m in'1
Settings for Head Section 11
Salt Section 18.19
Bed Section 13.15 - 13.285
The HCI injection system is prepared. The acid reservoir is filled in order to supply the acid 
syringe till the end of the experiment. The bubblers are filled with deionised water and the 
water bath with tap water. The nitrogen cylinders should be checked so that they would last 
till the end of the experiment. The transfer of nitrogen cylinders is avoided during an 
experiment because it is causing disturbances to the microbalance and eventually fluctuations 
to the temperature of the vapour generator if the CRL is not turned OFF. The water flowing 
in the heat exchanger, between the ultra-pure alumina tube and the microbalance, should also 
be checked to be always ON. The outlet of the gases is connected to the condenser. The 
liquid HCI collected there, is disposed two or three times till the end of an experiment, 
depending on its duration.
Finally, all the connections are checked, the power and the computer are turned on and the 
temperature of the rig is slowly raised (~5°C m in'1) till 100°C and then quicker (~10°C m in'1) 
till 650°C. The final temperatures and the ramping rates of the internal coil in the vapour 
generator, the gas inlet, the mixing, the nozzle and the bed section and the secondary heater 
of the lower bed section are set via the computer and for the external heater of the vapour 
generator the temperature is ramped via the programmable controller. The vapour generator 
temperature remains at 580°C till the whole system reaches the final temperature (-15 min). 
This is done in order not to have NaCl vapour in the system before the required temperature 
is reached. At this point and before the main gas stream starts passing through the bubblers 
and HCI starts being injected, a flowrate measurement is taken to make sure that the system 
is not leaking. The experiment starts by quickly ramping the temperature of the vapour 
generator from  its holding temperature of 580°C to the operating temperature of 650°C. Once
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at this temperature, the data starts logging and the cascade control system is turned on, 
regulating the temperature to maintain a constant gas concentration. Before turning the 
control system on, it is necessary to set up the CRL controller via the computer. The set up 
values are given in Table A.I.3.
Table A .1.3 % CRL Controller Set up Values
Salt W eight Loss Rate 0.3 mg hr'1
Integral Value* 20 - 50
Temperature Set-point** 640 - 660°C
Maximum Temperature 700°C
T h e  i n t e g r a l  v a l u e  d e p e n d s  o n  h o w  s t r i c t l y  t h e  s a l t  t e m p e r a t u r e  n e e d s  t o  b e  c o n t r o l l e d .  W h e n  t h e  
i n t e g r a l  v a l u e  i s  e x c e e d e d ,  t h e  C R L  c o n t r o l l e r  m a k e s  a  t e m p e r a t u r e  c h a n g e  t o  m a i n t a i n  t h e  s a l t  w e i g h t  
l o s s  r a t e  a t  0 . 3  m g  h r ' 1.
T h e  t e m p e r a t u r e  s e t - p o i n t  s h o u l d  b e  s e t  a t  t h e  t e m p e r a t u r e  v a l u e  t h a t  t h e  v a p o u r  g e n e r a t o r  d i s p l a y s  a t  
t h a t  i n s t a n t .
Throughout the experiment, certain things need to be checked. These are the water level (in 
the bubblers and the bath), the acid level, the nitrogen cylinders, all the temperatures and 
pressures, the liquid level (acid and water) in the condenser, the crystal weight loss and the 
loss rate. When the balance reaches 30 mg, it should be re-tared because it is working better 
in this region. Before re-taring or adding water to the bubblers, the CRL control and the data 
logging should be stopped. The loss rate has to re-stabilise for the control and logging to 
start again.
At the end of the run, the temperatures decrease by 10°C m in'1 until 580°C, where it stays 
for 15 min. At this temperature the salt vapour production stops and the acid and water that 
enter the main gas stream, are switched off. A flow rate measurement is performed again, to 
check if there is any leak in the system and to compare the final flowrate with the initial 
measured at the same temperature. Finally, the system is cooled down to 25°C. When the 
system's temperature is ~200°C, the power is shut off and the whole system is left to cool 
down at a natural rate. When the whole system has cooled down, the main gas stream is shut 
off and the bed section is removed from the rig, ready to be sucked in layers and analysed 
chemically.
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A P P E N D I X  n
At the end of each experiment, the getter material was chemically analysed to evaluate its 
sorptive capacity and define the alkali uptake concentration profile along the fixed sorbent 
bed. The main steps of this procedure are as follows :
A.ELI Sectioning of the fixed bed
In order to produce an accurate alkali uptake concentration profile along the sorbent fixed bed, 
it was considered necessary to measure accurately the height of each layer that the bed was 
divided into (Figure 3.2). The sectioning of the fixed bed was done by a vacuum probe 
assembly. This assembly consists of a thin metal tube connected to a vacuum pump enabling 
the pellets to be sucked from one end and collected at the other end in a small glass bottle, 
an adjustable ruler which moves the metal tube up or down to the required length, and a 
perspex piece which holds the whole assembly together. During the bed sectioning, the 
ceramic tube was kept in a vertical position. A flat teflon ring at the top of this tube was 
necessary to keep the vacuum assembly aligned. The suction actually starts when the metal 
tube is 1 mm above the bed of pellets.
At the 600 hr runs, the accuracy of the vacuum probe assembly was checked by a travelling 
microscope, which measured the height of the bed after each suction. The length of the 
vacuum assembly's thin metal tube was measured by a Vernier Caliper before each suction. 
The accuracy of the layer lengths' measurements was ±0.1 mm. The experimentally measured 
distance in the bed was compared with the distance estimated from the layers' weight and the 
mass of solid per unit length of bed and it was found that these values agreed to ±0.1 mm, 
which is a remarkably good result (Table A.II.9).
The removal of the alumina wool pads from the bottom of the ceramic tube was carried out 
with a pair of tongs.
M E A S U R E M E N T  O F  A L K A L I  C O N C E N T R A T I O N  P R O F I L E S
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A .0.2 Chemical Analysis of die Fixed Bed Samples
After the sorbent samples were taken out of the rig they had to be chemically analysed in 
order to specify their Na content, which was necessary for plotting the alkali uptake 
concentration profiles along the fixed bed. The procedure that had to be followed consists of 
the following steps :
a) grinding each layer using pestle and mortar. The grinding was done very carefully 
because a uniform powder was required to obtain a uniform sodium concentration.
b) dividing each layer in three samples of 30-40 mg each. The weight of the samples was 
reduced by 10-20 mg in comparison with the previous work because the acid 
proportions at the digestion step were also reduced. Electrostatic problems during 
weighing were overcome by using aluminium boats as weighing devices. As a result, 
the weighing accuracy was improved to ±0.02 mg. After weighing, the samples were 
transfered to the teflon beakers used for the digestion step. Due to electrostatics, the 
powder tended to stick on the beaker walls. Deionised water was used to carry away 
the powder from the beaker walls. To eliminate the effect of water in the analysis, 
three samples with the same quantity of water and without any powder were analysed 
as well. These samples are known as the "reagent blanks".
c) digesting the samples with H N 03 (70%, Analytical Reagent, Fisons) and HF (48%, 
Analar Grade, Merck). The system that was used previously, a hot plate with 50 m l 
teflon beakers standing on it each containing 8 ml H N 0 3 and 4 ml HF per 
digestion, had to be changed due to safety restrictions (Safety Policy: SP/04/93, 
University of Surrey). A new safe heating block with 21 drilled beaker positions was 
made. The advantage of the drilled positions was that it kept the beakers at the same 
temperature throughout the digestions, which prevented the fume condensation at the 
top part of the beaker walls. The beakers, specially designed for this heating block, 
were smaller than the previous ones. Therefore, the acid quantities used had to be 
reduced. This also complied with the safety restrictions for the HF concentration in 
the effluent fumes, which is 2.5 mg/m3 for 10 min (COSHH, OES).
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In the past, the samples were digested three times, but now as the whole set up was 
changed, it was necessary to find out the optimum number of digestions and acid 
proportions. The digestions tried per sample were 2 to 6 and the optimum found to b 
3 times for the sorbent powder and 4 times for the alumina wool as the wool's weight 
was greater. The acid proportions tried were 2 ml H N 0 3/1 ml HF, 4 ml H N 03/4 ml 
HF and 4 ml H N 03/2 ml HF. The last acid proportion was found to be the most 
appropriate and in connection with the safety restrictions for the HF concentration in 
the effluent fumes, only six samples could digest simultaneously.
The final digestion procedure, which was obtained at 95°C, was the following:
1) heating up the wet samples to bring them to dryness
2) addition of 4 ml H N 03
3) after 10 min, addition of 2 ml HF
4) drying of the samples
5) repeating the acid addition as many times as required for each material
6) at the end of all the digestions, addition of 8 ml of 12.5% H N 03 in each sample
7) after 10 min, removal of the samples from heating
8) cooling of the samples
9) making up the samples to 100 ml solutions with deionised water
New PMP flasks, whose calibration error was <0.1%, were bought to improve accuracy in 
making the 100 ml solutions. In the fume cupboard, the new set-up was separate closed 
bottles and separate syringes for each acid. Complying with the safety regulations, the 
personal protective equipment used was a laboratory coat, ideally with press stud fastening, 
a plastic apron, safety spectacles, a full face visor and two pairs of gloves, with the external 
being HF resistant. The HF resistant gloves had to be neutralised before their removal from 
the fume cupboard. The neutralising agent used for sodium analysis was KOH and for 
potassium analysis was N aH C03. An important point was that the neutralising agent should 
not contain the alkali of analytical interest because the measured alkali concentrations were 
very small and easily subject to errors if there was another source of the same alkali in the 
vicinity.
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d) analysing the samples with Atomic Absorption Spectrophotometry (Perkin Elmer 
Spectrophotometer, Chemistry Department). The best performance of the instrument 
is at a sodium concentration of 1 ppm and therefore the standard solutions used for 
the estimation of the calibration line had concentrations of 0.5, 1, 1.5 and 2 ppm Na. 
The standards were made from a "Spectrosol" sodium standard solution of 1000 ppm. 
A standard blank solution, which contained no sodium, was used to autozero the 
instrument. The instrument's accuracy in the absorbance readings was ±0.003. The 
absorbance values of the standards were taken at the beginning and at the end of the 
sample measurements and their mean used for estimating the equation of the 
calibration line. The first layers of the fixed beds showed a sodium concentration well 
above 1 ppm, which made dilution of the samples necessary. Using less material, in 
order to eliminate the error introduced by dilution, was rejected because of the errors 
introduced by using very small quantities o f material. The idea of using standards with 
higher sodium concentrations was also rejected because the instrument was more 
sensitive in the area of 0.5-2 ppm Na.
A.II.3 Processing of the AAS Results
Lotus package was used for the calculation of the alkali concentration in the sorbent at certain 
positions in the fixed bed. The calculation sequence was the following:
■ the average of the AAS readings for each standard solution was found and from the five 
values calculated (four standard solutions and a standard blank), the equation of the 
calibration curve could be specified with regression analysis. It may be better to consider 
concentrations up to 1.5 ppm, because at 2 ppm the calibration curve starts deviating from 
linearity
■ the average of a sample's AAS readings was found and its sodium concentration, in ppm, 
was calculated from the equation of the calibration line. If the sample was diluted, the sodium 
concentration was multiplied by the number of dilutions
■ the sodium concentration of the reagent blank solution was subtracted from each sample's
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sodium concentration
■ untreated solid material was also analysed in order to find its background level of sodium
■ to subtract the background level of sodium from the sample's concentration, both 
concentrations had to be calculated on the same basis, which was g Na/g of clean solid
» the g of clean solid for each reacted sample were calculated by subtracting the total sodium 
concentration from the sample's weight
■ from the g Na/g of clean solid for the control material, each sample's background g of 
sodium could be found and subtracted from its total sodium concentration
■ as a result, the samples' net sodium uptake could be calculated in terms of g of Na/g of 
solid, where solid = clean solid + background sodium
s  the sodium concentration that was finally used for a layer was the mean of the sodium 
concentrations calculated from its three analysed samples
■ the layers' lengths in the bed were evaluated by the layers' weights and the mass of solid 
per unit length of bed
■ to evaluate the weight of each layer in terms of g of solid, the same procedure had to be 
followed but on a layer level, which required the mean of the g of Na/g of reacted solid of 
the layer's three samples, where reacted solid = clean solid + background sodium + adsorbed 
sodium. This was because the layers were weighed after the experiment, which means that 
they also contained the adsorbed Na.
A .n.4 Measurement of mass of solid per unit length of bed
One of the experimentally measured quantities was the mass of solid per unit length of bed
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expressed in g of unreacted solid/mm of the fixed bed, with the initial solid including its 
background alkali. As a result, this value had to be estimated before the beginning of an 
experiment. The unreacted sorbent pellets were tipped into the lower ceramic tube of the rig, 
which retains the fixed bed on a Pt/Rh gauze. The bed was shaken to obtain a better pellet 
packing. A thick metal tube, which ended to a flat metal piece with diameter almost equal to 
the internal diameter of the ceramic tube, was used to flatten the bed surface. The height of 
the bed was then measured with a Vernier Caliper and if it was more than required, layers 
of the bed were sucked out until the desired height was measured. At the end, the bed was 
weighed and effectively the mass of solid per unit length of bed could be estimated. The 
measured values for the fixed bed runs obtained are as follows :
Table A.ELI : Measured mass of solid per unit length of bed for the fixed bed runs obtained 
in this work
200 hr 
(NaCl)
400 hr 600 hr 
(high-acid)
600 hr 
(non-acid)
mass of solid per unit length 
of bed (g/mm of bed)
0.4067 0.3563 0.3663 0.3561
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A.II.5 Tables of analytical results
The tables w ith  the analytica l results o f  the s ing le -layer and fixe d  bed a lka li sorption tests are 
presented below :
Table A .n .2  ; Sum m ary o f  the h igh-acid 600 h r run ana lytica l results
Samples Absorb Std.Dev. Dilution
(times)
Weight of 
sample (g)
g Na/g 
solid*
Mean±
Std.Dev.
Layer lA(a) 0.116 0.003 25 0.03777 0.03729 0.03684
(b) 0.117 0.001 25 0.03766 0.03777 ±0.0006
(c) 0.112 0.001 25 0.03696 0.03673
Layer IB (a) 0.091 0.001 25 0.03037 0.03621
(b) 0.214 0.002 10 0.02866 0.03623
Layer 2(a) 0.113 0.001 25 0.03874 0.03522 0.03561
(b) 0.115 0.001 25 0.03871 0.03594 ±0.00036
(c) 0.113 0.001 25 0.03869 0.03527
(d) 0.113 0.002 25 0.03799 0.03599
Layer 3(a) 0.108 0.001 25 0.03800 0.03421 0.03405
(b) 0.105 0.002 25 0.03736 0.03378 ±0.00019
(c) 0.107 0.001 25 0.03770 0.03415
Layer 4(a) 0.101 0.001 25 0.03839 0.03138 0.03178
(b) 0.104 0.001 25 0.03837 0.03245 ±0.00047
(c) 0.100 0.001 25 0.03788 0.03150
Layer 5(a) 0.247 0.002 10 0.03858 0.02963 0.02963
(b) 0.240 0.002 10 0.03858 0.02869 ±0.00075
(c) 0.238 0.001 10 0.03800 0.02890
1st Analysis
Layer 5(a) 0.245 0.003 10 0.03756 0.03064
(b) 0.246 0.001 10 0.03819 0.03027
2nd Analysis
Layer 6(a) 0.223 0.001 10 0.03845 0.02651 0.02735
(b) 0.221 0.001 10 0.03795 0.02663 ±0.00078
(c) 0.226 0.001 10 0.03828 0.02705
1st Analysis
Layer 6(a) 0.257 0.003 8 0.03394 0.02823
(b) 0.270 0.002 8 0.03555 0.02834
2nd Analysis
Layer 7(a) 0.256 0.001 8 0.03777 0.02462 0.02514
(b) 0.208 0.000 10 0.03840 0.02453 ±0.00070
(c) 0.265 0.002 8 0.03839 0.02514
1st Analysis
Layer 7(a) 0.267 0.004 8 0.0376 0.02628
2nd Analysis
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Table (cont).
! Samples Absorb Std.Dev. Dilution
(times)
Weight of 
sample (g) .
g Na/g 
solid*
Mean±
Std.Dev.
Layer 8(a) 0.222 0.001 8 0.03787 0.02405 0.02356
(b) 0.221 0.001 8 0.03846 0.02352 ±0.00026
(c)
1st Analysis
0.219 0.001 8 0.03811 0.02351
Layer 8(a) 0.366 0.003 5 0.03597 0.02328
(b)
2nd Analysis
0.347 0.005 5 0.03395 0.02343
Layer 9(a) 0.203 0.001 8 0.03857 0.02126 0.02120
(b) 0.202 0.002 8 0.03858 0.02113 ±0.00005
(c) 0.201 0.001 8 0.03825 0.02121
Layer 10(a) 0.279 0.002 5 0.03822 0.01817 0.01866
(b) 0.187 0.001 8 0.03857 0.01932 ±0.00048
(c) 0.283 0.001 5 0.03816 0.01850
Layer 11(a) 0.255 0.002 5 0.03815 0.01638 0.01631
(b) 0.254 0.002 5 0.03807 0.01634 ±0.00007
(c) 0.255 0.002 5 0.03850 0.01621
Layer 12(a) 0.200 0.001 5 0.03864 0.01204 0.01234
(b) 0.203 0.004 5 0.03841 0.01235 ±0.00024
(c) 0.205 0.001 5 0.03806 0.01264
Layer 13(a) 0.182 0.001 4 0.03774 0.00797 0.00800
(b) 0.188 0.001 4 0.03866 0.00807 ±0.00004
(c) 0.182 0.001 4 0.03778 0.00796
Layer 14(a) 0.222 0.001 2 0.03822 0.00385 0.00385
(b) 0.220 0.001 2 0.03785 0.00386 ±0.00001
(c) 0.223 0.001 2 0.03848 0.00384
Layer 15(a) 0.317 0.002 1 0.03793 0.00177 0.00176
(b) 0.316 0.002 1 0.03795 0.00175 ±0.00001
(c) 0.317 0.002 1 0.03796 0.00177
Layer 16(a) 0.228 0.002 1 0.03866 0.00055 0.00054
(b) 0.226 0.002 1 0.03862 0.00052 ±0.00001
(c) 0.225 0.001 1 0.03827 0.00054
Layer 17(a) 0.199 0.002 1 0.03791 0.00022 0.00022
(b) 0.200 0.003 1 0.03765 0.00025 ±0.00002
(c) 0.200 0.001 1 0.03854 0.00019
Layer 20(a) 0.173 0.001 1 0.03767 0.00008 0.00008
(b) 0.177 0.001 1 0.03851 0.00008 ±0.00000
(c) 0.176 0.001 1 0.03878 0.00005
A.II.8
Table (cont).
Samples Absorb Std.Dev. Dilution
(times)
Weight of 
sample (g)
g Na/g 
solid’
Treated Wool 
(a) top 0.370 0.003 1 0.1018 0.00152
(b) middle 0.065 0.001 1 0.0837 0.00000
(c) bottom2 0.077 0.001 1 0.1076 0.00000
(d) bottom 1 0.057 0.001 1 0.0772 0.00000
* Solid = initial solid which contains the sorbent and the background Na
Samples Abs Std.Dev. Dilution
(times)
Weight of 
sample (g)
g Na/g 
solid*
Mean±
Std.Dev.
Untreated (a) 0.186 0.002 1 0.03781 0.00239 0.00233
Fuller's (b) 0.181 0.001 1 0.03817 0.00231 ±0.00004
Earth (c) 0.182 0.001 1 0.03854 0.00230
Untreated (a) 0.069 0.001 1 0.0757 0.00043 0.00040
Alumina (b) 0.062 0.001 1 0.0752 0.00038 ±0.00002
Wool (c) 0.067 0.001 1 0.0810 0.00039
Reagent Blank 0.005 0.001 1 - 0.015-0.02
ppm
-
Tube + gauze 0.131 0.001 1 - 0.693 ppm -
* Solid = initial solid which contains the sorbent and the background Na
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Table A.n.3 : Experimental Results for the Single-Layer Tests at 650°C
Samples Sodium uptake (%wt)*
Control Pellets
Fuller's Earth (Surrey Tests) 0.23
Fuller's Earth (CRE Treated) 0.26
Kaolin 0.1
Fuller’s Earth and Kaolin Non-Acid Run
Fuller's Earth 5.0
Kaolin 9.0
Fuller's Earth and Kaolin Acid Run
Fuller's Earth 3.5
Kaolin 11.4
Fuller's Earth and CRE Pellet Acid Run 
(160 ppmv HCI)
Fuller's Earth 5.6
CRE Treated Pellets** 6.3
Reagent Blank 0.018 ppm
The sodium uptake is based on g Na/g solid (Solid = initial solid which contains the sorbent and the 
background Na)
The CRE treated pellets are from Layer 5 of CRE fixed bed
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Table A.n.4 : Experimental Values for high-acid 200 hr Potassium Run
Samples Potassium (%wt)* Potassium (mg) % of Total K
Layer 1 2.751 4.739 15.30
Layer 2 2.485 3.723 12.02
Layer 3 2.267 4.476 14.45
Layer 4 2.048 3.797 12.25
Layer 5 1.663 3.329 10.74
Layer 6 1.206 2.432 7.85
Layer 7 0.753 1.345 4.34
Layer 8 0.394 0.759 2.45
Layer 9 0.295 0.494 1.59
Layer 10 0.168 0.307 0.99
Layer 12 0.027 0.092 0.30
Layer 14 0.062 • 0.050 0.16
Alumina Wool
(a) topi 0.019 0.025 0.08
(b) top2 0.000 0.000 0.00
(c) middle 0.000 0.000 0.00
(d) bottom2 0.000 0.000 0.00
(e) bottom 1 0.000 0.000 0.00
(f) plug wool 0.000 0.000 0.00
Ceramic tube, . 0.032 0.10
base,Pt/Rh gauze
Total potassium out - 25.600 82.62
Total potassium in - 30.981 -
Unaccounted for - 5.381** 17.38
Untreated Fuller's 0.565
Earth
Untreated Alumina 0.000 -
Wool
Reagent Blank - 0.0 ppm -
The weight percentage is based on g K/g solid (Solid = initial solid which contains the sorbent and 
the background K)
Layers 11 & 13 have not been analysed
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Table A.II.5 : Experimental Values for high-acid 200 hr Sodium Run
Samples Sodium (%wt)* Sodium (mg) % of Total Na
Layer 1 3.244 10.608 45.00
Layer 2 2.530 4.329 18.36
Layer 3 2.041 4.072 17.27
Layer 4 1.507 2.258 9.58
Layer 5 1.035 2.139 9.07
Layer 6 0.557 1.150 4.88
Layer 7 0.313 0.437 1.85
Layer 8 0.144 0.245 1.04
Layer 9 0.133 0.258 1.09
Layer 10 0.061 0.113 0.48
Layer 11 0.031 0.103 0.44
Layer 12 0.005 0.018 0.07
Layer 13 0.000 0.000 0.00
Layer 14 0.000 0.000 0.00
Layer 15 0.000 0.000 0.00
Alumina Wool
(a) topi 0.024 0.032 0.13
(b) top2 0.000 0.000 0.00
(c) middle 0.000 0.000 0.00
(d) bottoml 0.000 0.000 0.00
(e) bottom2 0.000 0.000 0.00
Ceramic tube, _ 0.14 0.59
baseJPt/Rh gauze
Total Sodium out - 25.90 109.85
Total Sodium in - 23.57 -
Unaccounted for - - -
Untreated Fuller's 0.241 _
Earth
Untreated Alumina 0.036 _
Wool
Reagent Blank - 0.015-0.02ppm -
The percentage is based on g Na/g solid (Solid = initial solid which contains the sorbent and the 
background Na)
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Table A.II.6 : Experimental Values for high-acid 400 hr Sodium Run
Samples Sodium (%wt)"' Sodium (mg) % of Total Na
Layer 1 4.354 9.597 20.17
Layer 2 4.166 9.530 20.03
Layer 3 3.444 8.161 17.15
Layer 4 2.922 4.740 9.96
Layer 5 1 2.368 5.219 10.97
Layer 6 1.898 2.812 5.91
Layer 7 j 1.379 2.639 5.55
Layer 8 0.822 1.522 3.20
Layer 9 0.371 0.674 1.42
Layer 10 0.101 0.170 0.36
Layer 11 0.009 0.016 0.03
Layer 12 0.000 0.000 0.00
Layer 13 0.000 0.000 0.00
Layer 14 0.000 0.000 0.00
Layer 15 0.000 0.000 0.00
Alumina Wool
(a) top 0.131 0.111 0.23
(fa) middle 0.002 0.002 0.00
(c) bottom 0.000 0.000 0.00
(d) plug 0.000 0.000 0.00
Ceramic tube, _ 0.034 0.07
base,Pt/Rh gauze
Total Sodium out - 45.227 95.05
Total Sodium in - 47.572 -
Unaccounted for - 2.345 4.95 !
Untreated Fuller's 0.231 _
Earth
Untreated Alumina 0.037 - -
Wool
Reagent Blank - 0.11 ppm -
The weight percentage is based on g Na/g solid (Solid = initial solid which contains the sorbent and 
the background Na)
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Table A.H.7 ; Summary of the Results for the high-acid 600 hr Sodium Run
Samples Sodium (%wt)* Sodium(mg) % of Total Na
Layer 1 3.684 7.397 10.48
Layer 2 3.561 10.125 14.34
Layer 3 3.405 5.002 7.09
Layer 4 3.178 7.450 10.55
Layer 5 2.963 6.188 8.77
Layer 6 2.735 5.052 7.16
Layer 7 2.514 4.324 6.13
Layer 8 2.356 4.364 6.18
Layer 9 2.120 3.724 5.27
Layer 10 1.866 3.350 4.74
Layer 11 1.631 2.944 4.17
Layer 12 1.234 4.726 6.70
Layer 13 0.800 2.943 4.17
Layer 14 0.385 1.355 1.92
Layer 15 0.176 0.627 . 0.89
Layer 16 0.054 0.205 0.29
Layer 17 0.022 0.078 0.11
Layer 20 0.008 0.031 0.04
Alumina Wool
(a) top
(b) middle
(c) bottom2
(d) bottoml
0.152
0.000
0.000
0.000
0.155
0.000
0.000
0.000
0.22
0.00
0.00
0.00
Ceramic tube, 
base,Pt/Rh gauze
- 0.067 0.09
Total Sodium out - 70.107 99.31
Total Sodium in - 70.576 -
Unaccounted for - 0.469 0.69**
Untreated Fuller's 
Earth
0.233 - -
Untreated Alumina 
Wool
0.040 - -
Reagent Blank - 0.015-0.02 ppm -
The percentages are based on g Na/g solid (Solid = initial solid which contains the sorbent and the background Na) 
Layers 18 & 19 have not been analysed
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Table A .n.8 ; Experim enta l Values fo r  the non-acid 600 h r Sodium  Run (The analysis has 
been perform ed by A E A  Technology, A n a ly tica l Services)
Samples Sodium (%wt)* Sodium (mg) % of Total Na
Layer 1 14.61 19.096 27.16
Layer 2 10.839 26.314 37.43
Layer 3 6.406 10.768 15.32
Layer 4 2.688 5.207 7.41
Layer 5 1.023 1.76 2.5
Layer 6 0.247 0.414 0.59
Layer 7 0.146 0.252 0.36
Layer 8 0.048 0.088 0.12
Layer 9 0.025 0.044 0.06
Layer 10 0.028 0.048 0.07
Layer 11 0.029 0.052 0.07
Layer 12 0.029 0.053 0.07
Layer 13 0.026 0.047 0.07
Layer 14 0.018 0.032 0.04
Layer 15 0.017 0.054 0.08
Layer 16 0.025 0.091 0.13
Layer 17 0.035 0.122 0.17
Layer 18 0.029 0.099 0.14
Layer 20 0.036 0.123 0.17
Layer 22 0.023 0.08 0.11
Alumina Wool 
(a) top
0 0 0
Total Sodium Out - 64.745 92.07
Total Sodium In - 70.297 -
Unaccounted for - 5.552 7.93**
Untreated Fuller's Earth 0.175 - -
Untreated Alumina 
Wool***
0.040 - -
Reagent Blank - -0.062 ppm -
* The percentages are based on g Na/g solid (Solid = initial solid which contains the sorbent and the background Na)
** Layers 19, 21, 23 and the rest of the alumina wool have not been analysed
*** The untreated alumina wool value has been taken from the high-acid 600 hr run
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Table A.n.9 : Comparison of the weight derived and the experimentally measured distances
Layers W e igh t o f 
layer (g)*
W e igh t derived 
distance (cm)**
E xpe rim en ta lly  
measured 
distance (cm)**
Mean distance 
(±  0.01 cm )
1 (A +B ) 0.20101 0.027 0.023 0.025
2 0.28470 0.094 0.083 0.088
3 0.14691 0.152 0.137 0.144
4 0.23693 0.205 0.195 0.200
5 0.20886 0.266 0.262 0.264
6 0.18265 0.319 0.315 0.317
7 0.17198 0.368 0.362 0.365
8 0.18522 0.416 0.411 0.413
9 0.17566 0.466 0.461 0.463
10 0.17951 0.514 0.510 0.512
11 0.18050 0.563 0.560 0.561
12 0.38300 0.640 0.635 0.637
13 0.36782 0.743 0.735 0.739
14 0.35191 0.841 0.835 0.838
15 0.35549 0.938 0.935 0.936
16 0.38155 1.038 1.035 1.036
17 0.35024 1.138 1.135 1.136
20 0.44523 1.455 1.455 1.455
W e igh t o f the layer = in it ia l so lid  w h ich  contains the sorbent and the background Na 
The distances are taken in  the m idd le  o f  the layers.
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A P P E N D I X  m
EXIT GAS ANALYSIS
A .n i . l  Drager HCI Detection Tubes 
is A p p lica tio n  Range
D eterm ina tion  o f hyd roch lo ric -ac id  gas in  a ir o r technical gases.
■ M ode o f  Operation
The tube contains tw o  layers: a w h ite  pre-layer and a blue ind ica ting  layer. When a ir o r a gas 
sample are sucked through the tube, the ind ica ting  layer changes co lour to ye llow  in  the 
presence o f  hyd roch lo ric  acid.
■ P rinc ip le  o f Reaction
H C I +  brom phenol blue —> ye llow  reaction product
■ A m b ie n t Conditions 
Tem perature : 5°C to  40°C
■ Measurement and Evaluation 
The measuring range used was:
1 to  10 ppm  (10 strokes, scale n=10)
0.5 to 5 ppm  (20 strokes, scale n=10, d iv ide  scale values by 2).
The suction vo lum e o f  the Drager gas detector pum p during  one stroke was measured 
experim enta lly  and found to be 60 m l fo r  12 s, w h ich  corresponds to -3 0 0  m l/m in . The 
specific  gas detector pum p was found to leak and a d iffe ren t pum p system was used fo r  the 
measurement, w h ich  could invo lve  errors according to the D rager specifications. The H C I 
quantity  was expected in  the range 0.5 - 5 ppm v and as a result 20 strokes or an equivalent 
vo lum e o f  gas (1.2 l t  fo r  240 s) should be obtained each tim e  fo r a proper measurement.
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A.III.2 Electrochemical Cell - On-line HCI monitor
The electrochem ical ce ll used as an on-line  m onitor o f  H C I concentration in  the e x it gases 
fro m  the fixe d  bed r ig  is a three electrode tox ic  gas C iT iceL . The cells are m anufactured by 
C ity  Technology (C ity  Technology L td , 1990). They are m ic ro -fue l cells designed to  be 
maintenance free and stable over long periods o f time. They use the gaseous d iffu s io n  barrie r 
technology w h ich  has proved quite successful. A  h igh  reserve o f electrochem ical a c tiv ity  
ensures that each C iT ice L  has a long life  and excellent temperature s tab ility .
The three electrode tox ic  gas C iT ice L  consists o f a sensing electrode, a counter and a 
reference electrode separated by a th in  layer o f e lectro lyte as shown in F igure A . I I I .  1. The 
central feature is the gaseous d iffus ion  barrier. This lim its  the f lo w  o f gas to the sensing 
electrode and ensures that the electrochem ical ac tiv ity  o f  the electrode is fa r in excess o f  the 
am ount o f  gas w ith  w h ich  i t  has to deal.
CAPILLARV DIFFUSION BARRIER D-RING SEAL
SENSINGELECTRODE
REFERENCEELECTRODE
COUNTERELECTRODE
Figure A .D I . l  : T o x ic  Gas C iT ice L  Schematic (C ity  Technology L td , 1990)
Gas d iffu s in g  to the sensing electrode reacts at the surface o f  the electrode either by ox ida tion  
(e.g. CO, H 2S, S 0 2, N O , H 2, H C N , H C I), o r reduction (N 0 2 and C l2). Reactions are catalysed
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by electrode m aterials specia lly developed by  C ity  Techno logy and designed to be specific  
to the gas being sensed. A  specific  reaction fo r  H C I was no t g iven by C ity  Technology L td . 
Three electrode C iT iceLs are designed to  be operated in  such a way that the change in  
potentia l o f  the sensing electrode as a resu lt o f  exposure is used as the measure o f 
concentration.
i i  Perform ance Characteristics o f  C iT ice L  
M in  Range (ppm v)
M ax Range (ppm v)
Temperature Range (°C )
Baseline (Pure A ir  at STP-ppm v equiv.)
M ax im um  Baseline S h ift (ppm v 20-40°C )
■ H u m id ity
The perform ance o f to x ic  gas C iT iceLs is re la tive ly  unaffected by hum id ity , p rovided 
conditions are non-condensing and the C iT iceLs  w i l l  s im p ly  fo llo w  the change in  
concentration o f  the measured gas due to  a change in  h u m id ity . C iT iceLs are based on the 
use o f  aqueous electrolytes, w h ich  in  con junction  w ith  the porous d iffus ion  barrier, pe rm it 
water vapour to be absorbed in to  the e lec tro ly te  under cond itions o f h igh  water vapour 
pressure and a llow s the e lectro lyte to d ry  out at very  lo w  am bient water vapour pressures. 
Continuous operation is possible between 15% and 90% R H  over the fu l l  temperature range 
as the e lectro lyte  w il l  reach an e q u ilib r iu m  balance w ith  the external water vapour pressure, 
at a vo lum e and concentration w h ich  does no t a ffect the l i fe  o r the perform ance o f the cells.
T w o  cells were used during the experiments perfo rm ed in  th is  research pro ject, both show ing 
a specific  response to  the presence o f water vapour in  the gas analysed, ind ica ting  that the ce ll 
is sensitive to  water, despite its specifications. W hen on ly  w ater vapour was introduced in to  
the system, the signal w ou ld  increase and stabilise at a new  baseline w h ich  was 0 . 5 - 1  m V  
above the N o W ater baseline. W hen the w ater was turned o f f  again, the signal decreased and 
w ou ld  stabilise at the o rig ina l N o W ater baseline (F igures A .III.2 ,3 ) .
3 H L  (H C I) 
0 - 5 
0 - 100 
-5 to  +40 
<  1.0 
1.5
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■ Tem perature E ffects
B o th  the span signal and the baseline (zero current) are s lig h tly  affected by temperature. In  
th is w o rk , the ce ll was kept under the constant temperature o f  ~25°C.
■ Pressure E ffects
C iT iceLs  can g ive a transient response when exposed to a sudden change in  pressure in  the 
presence o f  the measured gas. The peak signal decays in  on ly  a few  seconds. This response 
was also observed in  th is w ork.
■ C a lib ra tion
For m ax im um  accuracy, C iT iceLs should be ca lib ra ted using a gas m ix tu re  in  the range where 
most measurements are to  be made. W here th is  is not possible, a m ix tu re  towards the top o f  
the ce ll range should be chosen. C a lib ra tion  gases exceeding the range o f  the ce ll must not 
be used. A  gas concentration o f  20 ppm v H C I is recommended fo r  ca libration. However, the 
H C I concentrations expected here are in  the range 0 - 4  ppm v, and as a result a 20 ppm v 
ca lib ra tion  gas cannot be used. N o re liab le  ca lib ra tion  gas was available in  the range o f  0 - 
4 ppm v, because this concentration is very  sm all and H C I can be easily adsorbed on the 
surface o f  the container.
■ Sam pling Systems
The sensor should be su itab ly protected by appropria te f iltra t io n  to remove h igh ly  corrosive 
constituents and particu late matter. The usual pro tection takes the fo rm  o f a porous PTFE 
m embrane w h ich  can be sealed to the ce ll by an O -ring  arrangement.
The active gas component o f a gas stream m ay adsorb on to the surfaces o f the materials used 
in  the gas supply system. Th is  w il l  deplete the concentration o f  the adsorbed gas in the supply 
stream u n til the m ateria l is saturated. Gases such as CO, H 2 and N O  do not usually show any 
problem s w ith  adsorption. A dsorp tion  problem s become increasing ly s ign ifican t in  the order
S 0 2< H 2S < n o 2 < c i 2 < h c i
These adsorption effects are m in im ised by em p loy ing  suitable materials in  contact w ith  the 
gas, together w ith  h igh  f lo w  rates and short gas lines. F luoropo lym ers such as PTFE 
(po ly te tra fluo roe thy lene), TFE  (trifluorina tede thy lene) and FEP (fluorinated ethylene 
propylene) have very lo w  gas adsorption properties and are suitable fo r  use in  gas handling
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systems. The e x it gas fro m  the fixed  bed sorption r ig  does not conta in particu late m atter and 
the tube used to connect the ex it o f  the r ig  w ith  the ce ll is made by PTFE.
® O peration
C iT iceLs  require a sm all supply o f oxygen to  the counter and reference electrodes to a llow  
correct operation. The oxygen is norm a lly  p rov ided  in  the sample stream o r by a ir d iffu s ing  
to  the fro n t o f  the sensor or by d iffus ion  through the sides and rear o f  the sensor- a few  
thousand ppm  is no rm a lly  suffic ient. Continuous exposure to anaerobic sample gas may cause 
the sensor to  m a lfunction  in  spite o f the rear oxygen access paths. A  continous a ir supply o f 
-1 0  m l/m in  was provided to the electrochem ical ce ll throughout the duration o f the experiments 
perform ed.
■ Outputs
T o x ic  gas C iT iceLs are available w ith  the standard p A  output signal or w ith  a c ircu it board 
attached to  p rov ide  e ither a 0 to IV  output (calibrated to 1 or 10 m V  ppm '1) or a 4 to 20 m A  
output. The output signal in  m V  was recorded in  a Squirre l Data Logger. The data were then 
transfered to a spreadsheet where the output signal versus tim e  was plotted.
A .m .3 Figures of Exit Gas Analysis Measurements
In  th is  appendix, measurements o f H C I concentration in  the e ffluen t gas o f  fixe d  bed runs 
w ith  Fu lle r's  Earth, gaseous NaCl and H 20  ( i f  used) versus tim e  are presented. The ce ll was 
connected to  the fixe d  bed r ig  and the response was recorded on a Squirre l data logger and 
the outpu t was exported to a spreadsheet.
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Water response (mV)
Figure A .n i.2  : D ire c t W ater Response o f  the N ew  E lectrochem ical Cell
(Twa„  =  30.7°C)
W ater Response (mV)
Time (min)
Figure A .n i.3  : W ater Response o f  the N ew  E lectrochem ica l C e ll
connected to the ou tle t o f  the F ixed  Bed R ig  (T water = 30.7°C)
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HCI Response (mV)/ Salt weight loss rate (mg/hr) Salt weight (mg)
Time (min)
Figure A .H I.4  : H C I Response w ith  Salt and W ate r O N  and OFF during  the experim ent
HCI Response (m V)/Salt weight loss rate (mg/hr) W ater Tem perature (°C)
Time (min)
Figure A .H LS  : H C I Response w ith  S a lt and W ate r O N  and OFF du ring  the experim ent
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HCI Response (mV)/Salt weight loss rate (mg/hr)
Figure A .m .6  : H C I Response w ith  Salt and W ater O N  and OFF during the experim ent
(continued from  F igure A .I I I .5 )
HCI Response (mV) Salt temperature (°C)
Figure A.III.7 : Consumption by water of Physically Adsorbed Salt
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A P P E N D I X  I V
ELEM ENT MAPPING TECHNIQUES
Scanning E lectron M icroscopy (SEM ) is used p r im a r ily  to  study the surface o r near surface 
structure o f  b u lk  specimens (Goodhew, 1988).
A.IV.l Scanning Electron Microscope
A n  electron gun produces electrons and accelerates them to an energy between about 2 keV  
and 40 keV . T w o  o r three condenser lenses then dem agnify  the electron beam u n til, when i t  
h its  the specimen, i t  may have a diameter o f  o n ly  2-10 nm. The electron beam is scanned in  
a s im ila r w ay to a te levis ion receiver in  a rectangular set o f  stra ight lines. As the electron 
beam h its  the specimen secondary electrons, backscattered electrons and X -rays are generated.
The vo lum e o f the specimen that is penetrated by the electrons is called the in teraction  
vo lum e and the vo lum e fro m  w hich the detected X -rays  o rig ina te  is called the sam pling 
vo lum e. I t  is d if f ic u lt  to make the in teraction  vo lum e m uch sm aller than 1 pm 3 w ith o u t 
reducing the energy o f  the electron beam so m uch that no usefu l X -rays are em itted. X -rays 
are not easily absorbed and most w il l  escape fro m  the specimen. X -rays are used fo r  chem ical 
analysis rather than im aging. Electrons w i l l  no t be backscattered out o f  the specimen i f  they 
have penetrated m ore than a fraction  o f a m icron , so the backscattered signal orig inates fro m  
very near the surface. Secondary electrons are generated by the p rim ary  electrons, w h ich  h it  
the atoms at the surface o f  the specimen. The secondary electron signal originates fro m  a 
reg ion w h ich  is l it t le  larger than the d iam eter o f  the inc iden t beam and is produced by 
secondary and backscattered electrons.
The im ag ing  data fo r  the SEM  comes fro m  the detector as an e lectrica l signal, w h ich  is 
am p lified . The sim plest on-line  processing invo lves  the adjustm ent o f image brightness and 
contrast using a linear am p lifie r. In  norm al operation, as the beam scans the specimen, the 
corresponding p ixe ls on the cathode ray tube (C R T) are illum ina ted  fo r a very small period  
o f  tim e. I t  is possible to  transfer this reading to  a com puter, and after a com plete scan, an 
image is d ig ita lly  recorded. A  framestore is used to transfer the data to a m on ito r screen
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(V D U ), so that the stored p ixe l data are represented as po in ts o f  the appropriate in tensity  on 
the V D U . The scan can be contro lled  w ith  a com puter, so that instead o f  m oving  the beam 
in  a raster scan, i t  is moved d irec tly  to the requ ired p ix e l po in ts  and is a llow ed to dw e ll on 
each po in t fo r  a predeterm ined tim e (the acqu is ition  tim es used are 0.8s fo r  the Energy 
D ispersive System and 0.5s fo r  the W avelength D ispers ive  System ). A t the same tim e a ll the 
available signals are collected, inc lud ing  several d iffe re n t types o f  X -ra y  signal.
A.IV.2 Methods of detection and counting of X-rays
T w o d iffe ren t methods are used fo r  detection and coun ting  o f  X -rays: the EDS and the W D S . 
Energy D ispersive Ana lys is
The detector is a sm all piece o f  sem iconducting s ilicon  w h ich  m ust be in  the line  o f  sight o f 
the specimen to co llec t as many as possible o f  the X -rays  em itted. Each X -ray  a rriv ing  at the 
detector excites a num ber o f electrons in to  the conduction  band o f  the s ilicon m aking the 
same num ber o f  pos itive ly  charged holes in  the ou te r e lectron shells (F igure A . IV . l) .  Fo r each 
o f these excitations, an energy o f  3.8eV is required. The num ber o f  electron-hole pairs 
generated is proportiona l to the energy o f  the X -ra y  photon being detected. I f  a voltage is 
applied across the sem iconductor, a current w i l l  f lo w  as each X -ra y  is absorbed in  the detector 
and the m agnitude o f the current w il l  be p ropo rtiona l to  the X -ra y  energy. The resultant 
current is am p lified  and then stored in  the appropria te channel o f  a M ultichanne l Ana lyser 
(M C A ). Each channel corresponds to a d iffe re n t X -ra y  energy. As a result, a h istogram  o f 
the energies o f  a ll the X -rays a rriv ing  at the detector, is co llected (F igure A .IV .2 ). The EDS 
system is contro lled  by a com puter w h ich  also stores the characteristic X -ray  energies fro m  
a ll chem ical elements. B y  com paring the data co llected w ith  the characteristic energies, the 
elements in  the sample are identified .
Advantage: w ith  an EDS a complete spectrum can be acquired in  a few  minutes. 
Disadvantages: 1) the energy resolution o f  the detector is poor, w h ich  means that each
X -ra y  line  is not detected as a sharp lin e  but as a broad peak
2) there can be a large am ount o f  e lectron ic noise in  the system
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Both o f  these factors w i l l  a ffect the l im it  o f  detectab ility  o f  the analyser and its use fo r  
quantita tive  analysis.
3 m m
Figure A.IV.l : A s ilicon  energy-dispersive X -ray  detector.
Note : The b e ry lliu m  w indow  and go ld  contact layers are grossly exaggerated in  thickness; 
typ ica l thicknesses w ou ld  be 7-8 pm  fo r  the Be, and 10-20 nm  fo r the A u (Goodhew, 1988).
X - r o y
Analyser
Energy
Figure A.IV.2 : A  s im p lifie d  energy-dispersive analysis system.
Note : Pulses from  the detector are am p lified  and then stored in the appropriate channel o f  
a m ulti-channe l analyser. In  rea lity , the M C A  w ou ld  contain perhaps 1000 channels instead 
o f the 24 shown here (Goodhew, 1988).
W avelength D ispersive Analysis
The X -rays  em itted fro m  the specimen are d iffracted  by a curved crystal and then focused on 
to the detector. The curved crystal acts as a f ilte r, so that on ly  X -rays o f a chosen wavelength
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are a llow ed to fa ll on the detector. To  cover a w ide  X -ra y  spectrum, a range o f  crystals, 
n o rm a lly  fou r, is required. The specimen, crystal and detector must a ll be aligned ca re fu lly  
(F igure  A .IV .3 ) . The detector used fo r  W D S  is a m uch s im p le r one than that one used fo r  
EDS.
Figure A.IV.3 : A  crystal X -ra y  spectrometer.
Note : X -rays  em itted fro m  the specimen are co llim ated  by tw o  slits S I and S2, d iffrac ted  by
the curved crysta l, and then focused on to  the detector. F o r the m axim um  e ffic iency  the 
specimen, crystal and detector must a ll lie  on the R ow land c irc le  o f radius R (G oodhew, 
1988).
Advantage: the reso lv ing  pow er and the sens itiv ity  o f a crysta l spectrometer are
excellent
Disadvantage: as each X -ra y  w avelength is detected separately, a scan o f a ll the
required wavelengths can take a considerable tim e 
This disadvantage o f  an X -ra y  spectrometer restricts its  applications to the detection o f  lo w  
concentrations, detection o f lig h t elements and quantita tive measurements o f  peak heights.
In  sum m ary, the EDS is better suited to rap id  qua lita tive  analysis, w h ile  W D S  may g ive  m ore 
accurate quantita tive results.
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A.IV.3 Digital X-Ray Mapping
In  order to examine the varia tion  o f chem ical com position  w ith in  a sample, many analyses 
must be carried out over the area o f  interest. A n  a lte rnative  is to select the X -ray  signal fro m  
an element o f  interest and to display its in tens ity  as the specimen is scanned.
A  great im provem ent is obtained by using d ig ita l X -ra y  m app ing  to  display in fo rm ation  about 
the d is tribu tion  o f an element. In  this m ethod the beam is con tro lled  by a com puter to m ove 
to a g rid  o f  points on the specimen. The beam remains at each o f  these points fo r  a preset 
tim e, w h ile  an analysis is carried out. The data are stored in  the com puter m em ory and may 
be d isplayed on a grey leve l o r co lour scale. Each analysis p o in t then becomes a p ixe l in  the 
displayed image.
One o f  the advantages o f X -ra y  m apping is that, w ith  an EDS system, data fro m  several 
elements m ay be collected at the same tim e  by d irec ting  the counts from  specified channels 
o f  the spectrum in to  d iffe ren t com puter stores. A n  e lectron im age may be acquired at the 
same tim e. In  obta in ing an X -ray  map the spatial reso lu tion  is lim ite d  to around 1 pm 3 and 
there is no po in t in  w o rk ing  at h igh  m agnifica tions. H av ing  acquired a d ig ita l X -ra y  map, 
the data m ay be subsequently manipulated.
A.IV.4 Problems of Qualitative Analysis
Before  being examined in  an SEM , the specimens m ust be coated w ith  a th in  conducting 
layer o f go ld  or carbon. G old  can absorb X -rays  em itted  fro m  the specimen and em it its ow n 
characteristic X-rays. In  th is w o rk  a ll the specimens were carbon coated. A n  alternative 
approach to  the problem  o f specimen charg ing is to  operate the m icroscope at a lo w e r 
accelerating voltage.
As X -rays trave l in  straight lines from  the specimen to the detector, X -rays fro m  regions o f  
the specimen w h ich  are not in  the line  o f  s ight o f  the detector w i l l  not be detected. Rough 
specimens can g ive rise to anomalous X -ra y  emissions. In  th is  w o rk  a ll samples were polished 
very ca re fu lly .
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Some X -rays  orig ina te  deep fro m  w ith in  the specimen, fro m  regions w h ich  are not v is ib le  
in  the electron image.
A.IV.5. Problems of Quantitative Analysis
The quantita tive  analysis in  an electron m icroscope depends on:
h where the X -rays  are generated
■ how  strongly- the X -rays are absorbed by the specimen on the way up to. the surface
■ the analysis m ay not be u n ifo rm ly  representative o f  the w ho le  sampling volum e, because 
m ore o f  the X -rays  em itted on average cou ld  have come fro m  near the surface than fro m  
deeper inside the specimen.
A.IV.6 Instrument Description
The instrum ent that was used fo r X -ra y  m apping is a JE O L J X A  8600 Superprobe, w h ich  
possesses:
■ fo u r  com puter contro lled  crystal spectrometers (W D S ), conta in ing  a range o f crystals such 
that a w ide  spectrum can be covered
■ an EDS system fo r  obta in ing p re lim ina ry  qua lita tive  analysis
■ a f ix e d  focus m icroscope, not on ly fo r  exam ination o f the specimen, but more im portan tly
fo r  ensuring that the specimen height m ay be adjusted u n til i t  is correctly aligned w ith  the 
detectors
■ a m otorised specimen stage, the position  o f  w h ich  is com puter controlled. Thus, areas o f  
interest may be selected by the operator and the instrum ent m ay then be le ft to carry out the 
analysis, perhaps runn ing fo r  several hours autom atica lly.
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A.IV.7 Secondary Electron and X-ray Images of Fuller's Earth and kaolin pellets and grains
The secondary electron images and the d ig ita l X -ray  maps o f  sodium  and potassium 
d istribu tion  in Fuller's Earth and kao lin  pellets, perform ed during this w ork , are presented 
below.
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Figure A .IV .4  : Secondary E lectron Image (V ideo  M ap) o f  an untreated Fuller's Earth
Pellet
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Figure A .IV .5  :
Figure A.IV.6 :
Secondary Electron Image (Video map) of a treated Fuller's Earth Pellet 
(650°C, 200 hrs, Na: 1.8 ppm wt, HCI: 160 ppmv, H20: 5 %vol, fixed 
bed test)
Secondary electron Image (Video map) of a treated Kaolin Pellet
(650°C, 200 hrs, Na: 1.8 ppm wt, HCI: 0 ppmv, H 20: 5 %vol, single­
layer test)
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Figure A.IV.7 :
Figure A.IV.8 :
Digital X-ray Map of Sodium Distribution in a Treated Fuller's earth 
Pellet (650°C, 200 hrs, Na: 1.8 ppm wt, HCI: 160 ppmv, H20: 5 %\d 
fixed bed test)
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Digital X-ray Map of Sodium Distribution in a Treated Kaolin Pellet
(650°C, 200 hrs, Na: 1.8 ppm wt, HCI: 0 ppmv, H 20: 5 %vol, single­
layer test)
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Figure A .IV .9 :
Figure A.IV. 10 :
Digital X-ray Map of Sodium Distribution in a Treated Fuller's Earth 
Grain (650°C, 200 hrs, Na: 1.8 ppm wt, HCI: 0 ppmv, H20 : 5 %vol, 
single-layer test)
Digital X-ray Map of Sodium Distribution in a Treated Kaolin Grain
(650°C, 200 hrs, Na: 1.8 ppm wt, HCI: 0 ppmv, H 20: 5 %vol, single­
layer test)
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Figure A .IV . 11 : Secondary E lectron Image (V ideo  M ap) o f  a Fu ller's Earth Pellet
show ing the grain across w h ich  a linescan was obtained (650°C , 200 
hrs, Na:1.8 ppm w t, H C I: 160 ppm v, H 20 :5 % v o l, fixe d  bed test, layer 5)
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Figure A .IV .1 2  : Linescan across the above indicated Fuller's Earth G ra in  representing
the Sodium  D is tr ib u tio n
Figure A . IV .13 : Secondary E lectron Image (V ideo  M ap) o f  a Fu lle r's  Earth G rain
(650°C , 200 hrs, Na: 1.8 ppm  w t, H C I: 160 ppm v, H 20 :  5 % vol, fixed  
bed test, layer 5)
Figure A . IV .14 : D ig ita l X -ra y  M ap o f  Sodium  D is tribu tion  in the above Fuller's Earth
Grain
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Figure A.IV.15 :
Figure A.IV.16 :
D ig ita l X -ray  M ap o f Sodium  D is tribu tion  in  a G ra in  from  a CRE- 
treated Fu lle r's  Earth Pellet (650°C , 200 hrs, Na: 1.8 ppm  w t, H C I: 160 
ppm v, H 20 :  5 % vo l, s ing le-layer test)
Digital X-ray Map of Potassium Distribution in a treated Fuller's Earth
Grain (650°C, 200 hrs, K: 2.4 ppm wt, HCI: 160 ppmv, H 20: 5 %vol,
fixed bed test, layer 1)
A.IV.13
Figure A .IV . 17 :
Figure A.IV. 18 :
Secondary E lectron Image (V ideo  M ap) o f a treated Fuller's Earth Pellet 
(650°C, 200 hrs, K : 2.4 ppm  w t, H C I: 160 ppm v, H 20 :  5 % vol, fixed  
bed test, layer 1)
Linescan across the above indicated Fuller's Earth G ra in representing 
the Potassium D is trib u tio n
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Figure A . IV .19 :
Figure A.IV.20 :
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D ig ita l X -ra y  M ap o f Sodium  D is tribu tion  in a Treated D ark-co loured 
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A P P E N D I X  V
M EASUREM ENT OF THE SPECIFIC SURFACE AREA OF THE SORBENT 
PELLETS
The evaluation o f  the specific surface area o f  a sorbent is based on the adsorption o f  a gas 
on its so lid  surface. N itrogen at its b o ilin g  po in t (-195.8°C ) is usually used as the adsorbate 
du ring  the measurement. For d iffe ren t pressures, low er than atmospheric, d iffe ren t values o f 
adsorbed gas volum es are estimated. I f  these data are presented on a diagram, isotherm  curves 
are taken. I f  the adsorbed gas form ed a m onolayer f i lm  over the surface o f the adsorbent, i t  
w o u ld  be very easy to  calculate the surface area fro m  the adsorbed gas volum e. H owever, the 
phys ica lly  adsorbed m olecules fo rm  a m u ltila ye r f i lm  over the sorbent surface and, as a result, 
the measured adsorbed vo lum e does not represent the rig h t value o f  the surface area. The 
chem isorp tion  process is p ictured as leading u ltim a te ly  to  a m onolayer f i lm  over the surface 
o f  the adsorbent. A fte r  analysis o f  data, i t  was observed that the lo w e r part o f  the linear area 
o f  the isotherms represents the fo rm ation  o f a m onolayer f i lm . I f  th is can be determ ined w ith  
accuracy, the m onolayer vo lum e and thus the specific  surface area, can be calculated.
A .V . I  L a n g m u ir A dsorp tion  Isotherm
The derived adsorption isotherm  results fro m  an investigation o f  the equ ilib rium  that is set 
up between the gas phase and the pa rtia lly  fo rm ed m onolayer. The e q u ilib rium  state can be 
interpreted in  terms o f  the dynam ic e q u ilib rium  that results fro m  an equal rate o f  evaporation 
o f  the adsorbed m ateria l and o f condensation o f  the gas-phase molecules (Barrow , 1979).
The rate o f  evaporation can be taken to be p roportiona l to the frac tion  o f  the surface used fo r  
adsorption (0) and can be w ritten  as k j0 , where k{ is the p ropo rtion a lity  constant. The rate 
o f  condensation fu rtherm ore is taken to be p roportiona l both to  the gas pressure P, and to the 
frac tion  o f  the surface that has not been covered by adsorbed molecules (1-0).
A t  e q u ilib r iu m , the rate o f evaporation is equal to the rate o f  condensation
A.V.l
^8=^P(l-0) (A.V.l)
O ^ P / i k ^ P )  (A .V .2 )
and in troduction  o f  a =  k }/k2 allows the result to  be w ritten
Q=P/(a+P) (A .V .3 )
For adsorption up to a m onolayer, the am ount o f  gas V  adsorbed at some pressure P and the 
am ount o f  gas V m needed to fo rm  a m onolayer are re lated to  0 according to
where k2 = proportionality constant for the condensation. Rearrangement gives
From  the previous equations
P7Fm=0 (A .V .4 )
V=(VmP)l(a*P) (A .V .5 )
and a fte r rearrangement
P /V -W V J rtP IV J  (A .V .6 )
The surface area m ay then be calculated fro m
SA=(NAaVJ/M v(A .V .7 )
where N A =  Avogadro 's number (m olecules /  m o l)
A m = area occupied by adsorbate m olecu le  (m 2 /  m olecu le)
V m =  vo lum e o f  m onolayer (m 3)
M v = gram m olecular volum e (22.4x1 O'3 m 3 /  m o l)
S A  = sorbent surface area (m 2)
A .V .2  B E T  Surface A rea
This m u ltila ye r adsorption theory may be used to  calculate the surface area o f  a sample. The 
deta il o f  the theory is not explained here bu t some o f  the assumptions made in  the theory are 
lis ted (G regg, 1967):
A.V.2
1) W ith in  each layer, dynam ic e q u ilib rium  is assumed to p reva il; in  layer i, the num ber o f 
molecules evaporating per second is equated to  the num ber condensing on i t  per second fro m  
the layer im m ed ia te ly  above, the ( i+ l) th  laye r
2) The latent heat o f adsorption in  a ll layers above the f irs t is equal to the latent heat o f  
condensation L  : E2 =  E3 = ...= E; =  L
3) The evaporation-condensation constants in  a ll layers above the f irs t are identical.
4) W hen pressure P becomes equal to the saturated vapour pressure, the adsorbate vapour 
condenses as an ord inary  liq u id  on to the adsorbed f i lm , so that the number o f m olecu lar 
layers become in fin ite  on the surface, w h ich  is postulated to  be free ly  exposed to the vapour 
phase.
The linear B E T  equation in  its most com m on fo rm  is g iven by:
PKV(P0-P)]=l(.VmC)HC-mVmC)xPIP0 (A .V .8 )
where V m = vo lum e o f  the m onolayer (m 3 g '1)
V  =  vo lum e adsorbed
P =  sample pressure
P0 = saturation vapour pressure
A  p lo t o f  P /V (P 0-P) against P/P0 should g ive  a stra ight line  having a slope ( C - l) /V mC and an 
intercept l / V mC. The B E T  surface area is then calculated fro m  the equation (A .V .7 ). For 
n itrogen, a value o f  16.2 A 2 fo r A m is used as defau lt value, and after apply ing the appropriate 
conversion factors, the equation is s im p lif ie d  to :
SA=435xVm (A .V .9 )
A .V .S  100C X O m nisorp  Instrum ent
The adsorption measurements are based on the pressure drop that is observed in  a space 
where a m ateria l has been placed capable o f  adsorbing a s ign ifican t quantity o f  gas. Thus, the
A.V.3
measured quantity is the pressure in the sample bulb when equilibrium has been reached.
The 100C X O m nisorp Instrum ent is used fo r  the measurement o f the surface area o f Fu ller's 
Earth pellets. The instrum ent has a calibrated m a n ifo ld  vo lum e and a mass flo w  con tro lle r, 
w h ich  is used to p rovide a know n f lo w  rate o f  adsorbate or to dose the m an ifo ld  fo r  
subsequent equ ilib ra tion  w ith  the sample. N itrogen  is used as th e ; adsorbate fo r the surface 
area measurements. The instrum ent should achieve very h igh  vacuum in the order o f 10'5 to rr 
o r lo w e r before it  is used fo r a measurement. F o r the determ ination o f  low  surface areas 
because the lo w  vo lum e o f gas adsorbed m in im ises the pressure reduction during the dosing 
procedure and very sm all pressure changes can not be accurately determ ined w ith  the 1,000 
to rr transducer, a lo w  value absolute pressure range a llow s the use o f a 10 to rr transducer, 
w h ich  is able to  measure small pressure differences accurately. The tw o  measurement methods 
used by  the instrum ent are the Static and the Continuous F lo w  M ethod.
Static F lo w  M ethod
In  the Static F lo w  M ethod, the mass f lo w  con tro lle r doses the calibrated m an ifo ld  w ith  
adsorbate and once the target pressure has been reached, the con tro lle r is turned o ff. W hen 
the pressure is equilibrated in  the m an ifo ld , the sample va lve is turned on and the adsorbent 
is subjected to the adsorbate t i l l  the pressure is again equilibrated. The volum e o f gas 
adsorbed is calculated fro m  the d ifference o f  the tw o  equ ilib ra ted pressures. The vo lum e o f 
the sample bu lb  (dead volum e), where no adsorption can take place, is subtracted from  the 
calculated vo lum e to provide the vo lum e o f  the gas adsorbed. The dead space evaluation is 
perform ed w ith  He, w h ich  is a non adsorbing gas at the temperature used fo r  the 
measurement.
Continuous F low  M ethod
In  the Continuous F low  M ethod, the mass f lo w  con tro lle r doses the adsorbate gas 
continuously and d irec tly  to the sample. Th is  m ethod is insensitive to the measurement o f  lo w  
surface areas and as a result, i t  was considered inappropria te  fo r  Fuller's Earth pellets.
A.V.4
A P P E N D I X  V I
A .V I . l  Pellet-size D is tribu tion
In  rea lity , in  a fixe d  bed reactor i t  is u n lik e ly  that the pellets w i l l  be a ll the same size. The 
investigation o f  the e ffect o f  a pe lle t size d is tribu tion  in  the reactor was attempted by 
in troduc ing  tw o  pe lle t sizes in  the convective mass balance. The sorbent bed was considered 
to consist o f x rpi% o f  pe lle t size 1 and xrpj% o f  pe lle t size 2, where x rpi + x rpj = 100. To achieve 
this d is tribu tion , the b u lk  density o f  the fix e d  bed, co, was m u ltip lie d  fo r  each pellet size w ith  
its percentage. As a result, the 'accum ulation in  the so lid ' te rm  becomes
PELLET- AND GRAIN-SIZE DISTRIBUTION
2 dXGr r
“ £ K V  ( A .V I . l )
V+1 a t
A .V I.2  G rain-size D is tribu tion
In  the pe lle t-g ra in  model, i t  has been assumed that the sorbent pellets consist o f grains o f  
equal size. G enerally, a pe lle t is usually fo rm ed  by com pacting fin e  grains o f partic le w ith  or 
w ithou t b ind ing  agents and the grains are usua lly  o f  irregu la r shape and are distributed in  size. 
H ow ever to fac ilita te  the presentation o f  the m odel, the overa ll shape o f a grain may be 
approxim ated by that o f a sphere. In  the fo llo w in g  i t  is assumed that the real grain size 
d is tribu tion  can be approximated by a num ber o f discrete gra in  sizes. To substitute the mean 
grain size used in  the convective mass balance w ith  tw o o r three grain sizes, the grain size 
d is tribu tion  had to be translated to w e igh t fractions o f  each gra in  size.
The accum ulation in  the so lid  getter in  the convective mass balance (4.1) fo r a m u ltip le  
reaction scheme is w ritten  as
A.VI.l
(A.VI.2)
where K^and X G r = the sorbent capacity and the so lid  conversion respectively fo r  reaction 1 
( K J  and reaction 2 (K J  
N r =  to ta l number o f  reactions
For m ore than one grain size, this term  is w ritte n
where xrgi = the w eight fraction  o f the grains w ith  rgi radius 
N g as tota l number o f grain sizes used 
X G ri>rgi =  so lid  conversion fo r reaction q and gra in  radius rgl
I f  a pe lle t consists o f N  grain sizes then the vo lum e o f  so lid  in  the pe lle t equals the sum o f 
the volum es o f  the grains inside the pe lle t
where nj = the num ber o f particles in each grain size
M u lt ip ly in g  by the so lid  density, ps, the volum es are converted to weights and the w e igh t 
fractions o f  the grains w ith  d iffe rent gra in  sizes, can be calculated by
(A .V I.4 )
(A .V I.5 )
The number of grains for each grain size, can be found from the number fraction which is
A.VI.2
know n already from  the analysis fo r  tw o  grain sizes w ith  popula tions n t and n2. I f  fa is the 
num ber frac tion  o f  grains w ith  radius rgl, then
n i fa
— —  ) +
1 ^
and consequently fro m  the previous equations
a - o * 3
,  .
( - 1 ) r  3+ r  3 
T - V 1* 82
For three grain sizes w ith  populations n1} n2 and n3
ni K
 ^ _■ =fa^nl = (— r )(fi2+n3)
fa
-fa ^ n ^ —rfa
n ^ + n  3 fa
and in  com bination  w ith  the previous equations
y q - s )
r 3+
W2 = -
52 1-fa 81
1+A
fa
(A .V I.6 )
(A .V I.7 )
(A .V I.8 )
(A .V I.9 )
(A .V I.1 0 )
(A.VI.l 1)
A.VI.3 Results
Table A .V I . l  : Measured pe lle t &  grain diameters (measurements made w ith  an op tica l
m icroscope)
N om ina l Pellet 
D iam eter (m m )
Measured Pellet 
D iam eter (m m )
Measured Mean 
Grain D iam eter 
±Std.Dev.(m m )
0.425-0.500 0.525 0.030±0.008 (3 grains)
0.425-0.500 0.400 0.030±0.000 (3 grains)
0.425-0.500 0.525 0.033+0.005 (3 grains)
0.425-0.500 0.525 0.030±0.000 (3 grains)
0.425-0.500 0.450 0.030±0.007 (4 grains)
0.425-0.500 0.400 0.033±0.005 (3 grains)
0.425-0.500 0.475 0.036±0.005 (3 grains)
0.425-0.500 0.475 0.030±0.000 (3 grains)
0.425-0.500 0.500 0.027±0.005 (3 grains)
0.425-0.500 0.500 0.027±0.005 (3 grains)
0.425-0.500 0.475 0.027±0.004 (4 grains)
Mean 0.400-0.525 0.030±0.003
0.500-0.600 0.600 0.032±0.009 (5 grains)
0.500-0.600 0.625 0.037±0.003 (5 grains)
0.500-0.600 0.625 0.053±0.025 (5 grains)
0.500-0.600 0.575 0.054±0.021 (8 grains)
Mean 0.575-0.625 0.044±0.010
A.VI.4
Figure A .V I . l  : Determination of the grain limits in a Fuller’s Earth pellet, using a
secondary electron image for the estimation of the grain size 
distribution.
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Figure A.VI.2 : Histogram of the major axis grain length as representative of the grain
diameter, based on the number of grains measured in the above pellet.
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A P P E N D I X  V H
X-RAY DIFFRACTION STUDIES 
A .V I I . l  Bragg's Law
B y  analogy w ith  the d iffrac tion  o f  lig h t, crystals w ith  the ir regu la rly  repeating structures 
should be capable o f  d iffrac ting  rad ia tion that has a wavelength s im ila r to the in te ra tom ic 
separation, ~1 A . Three types o f rad ia tion are used fo r crysta l d iffra c tio n  studies : X -rays, 
electrons and neutrons. X -rays are by fa r the most useful. The X -ra y  wavelength com m on ly  
em ployed is the characteristic K a  rad ia tion, 1.5418 A, em itted  by copper. W hen crystals 
d iffra c t X-rays, i t  is the atoms or ions w h ich  act as secondary .po in t sources and scatter the 
X-rays.
The Bragg approach to d iffrac tion  is to regard crystals as b u ilt up in  layers o r planes such that 
each acts as a semi-transparent m irro r. Some o f the X -rays are reflected o f f  a plane w ith  the 
angle o f re flection  equal to the angle o f  incidence, but the rest are transm itted to be 
subsequently reflected by succeeding planes. W hen tw o X -ra y  beams are reflected fro m  
adjacent planes w ith in  the crystal (F igure  A .V I I . l ) ,  the perpendicular distance between the 
planes, the d-spacing, d, and the angle o f  incidence, o r Bragg angle, 0, are related by Bragg's 
law  :
2dsmd=n\ ( A .V I I . l )
where n = order o f  d iffrac tion
Figure A.VII.l : Derivation of Bragg's law for X-ray diffraction (West, 1984)
A.VII.l
W hen Bragg's law  is satisfied, the reflected beams are in  phase and interfere constructive ly . 
A t angles o f  incidence other than the B ragg angle, reflected beams are out o f phase and 
destructive interference or cancellation occurs. In  real crystals, w h ich  contain thousands o f  
planes and not ju s t tw o , Bragg's law  imposes a stringent cond ition  on the angles at w h ich  
re flection  may occur.,
A .V II.2  The P ow der M ethod
W hen reduced to  basic essentials, the X -ra y  d iffra c tio n  experim ent requires an X -ra y  source, 
the sample under investiga tion  and a detector to  peak up the d iffracted  X -rays. W ith in  th is  
broad fram ew ork, there are three variables w h ich  govern the d iffe ren t X -ra y  techniques : (a) 
radiation (m onochrom atic o r o f  variable ?t), (b) sample (s ing le  crystal, pow der o r a so lid  
piece), arid (c) detector (rad ia tion  counter o r photographic f i lm ) .
In  the pow der method, a m onochrom atic beam o f X -rays strikes a fin e ly  powdered sample 
that idea lly  has crystals random nly arranged in  every possible orientation. In  such a pow der 
sample, the various la ttice  planes are also present in  every possible orientation. For each set 
o f planes therefore, at least some crystals m ust be oriented at the Bragg angle, 0, to the 
inc ident beam and thus, d iffra c tio n  occurs fo r  these crystals and planes. The d iffrac ted  beams 
may be detected e ither by surrounding the sample w ith  a strip  o f  photographic f i lm  (Debye- 
Scherrer focusing methods) o r by using a m ovable detector, such as a Geiger counter, 
connected to a chart recorder (d iffrac tom ete r). D u ring  this w o rk , a photographic f i lm  was 
used. The p rinc ip les o f  the pow der m ethod are shown in  F igure  A .V II.2 .
Figure A.VII.2 : The powder method (West, 1984)
A.VII.2
The o rig in a l pow der method, the Debye-Scherre, is lit t le  used nowadays but i t  is s im ple  and 
ins truc tive  to consider its mode o f operation. For any sets o f  la ttice planes, the d iffrac ted  
rad ia tion  form s the surface o f  a cone, as is shown in  F igure A .V II.3 . The on ly  requirem ent 
fo r  d iffra c tio n  is that the planes be at angle 0 to  the incident beam; no restric tion  is placed 
on the angular orien ta tion  o f  the planes about the axis o f the inc ident beam. In  a f in e ly  
powdered sample, crystals are present at every possible angular position  about the inc iden t 
beam and the d iffrac ted  beams that result appear to be em itted from  the sample as cones o f  
rad iation. I f  the Bragg angle is 0, then the angle between d iffracted  and und iffrac ted  beam 
is 20 and the
F igure A .V II .3  : The fo rm ation  o f  a cone o f  d iffracted radia tion in  the pow der m ethod
(W est, 1984)
angle o f  the cone is 40. Each set o f planes gives its own cone o f  rad iation. The cones are 
detected by  a th in  strip  o f  f i lm  wrapped around the sample. Each cone intersects the f i lm  as 
tw o  short arcs (F igure  A .V II.4 ) , w h ich  are sym m etrica l about the tw o holes in  the f i lm . These 
a llow  entry and e x it o f  inc iden t and und iffrac ted  beams. In  a w e ll powdered sample, each arc 
appears as a continuous line, but in  coarser samples the arcs may be spotty due to the 
re la tive ly  sm all num ber o f  crystals present.
Figure A.VII.4 : Schematic Debye-Scherrer photograph (West, 1984)
A.VII.3
To obtain d-spacings fro m  the Debye-Scherrer f i lm , the separation, S, between pairs o f 
corresponding arcs is measured. I f  the f i lm  (camera) radius, R, is known, then S/2tcR  =  
40/360, fro m  w h ich  20 and therefore d may be obtained fo r  each pa ir o f  arcs. In  th is w ork , 
the camera diameter was 114.86 mm, w h ich  means that 40 =  1 m m . The disadvantages o f this 
m ethod are that exposure times are long and that closely spaced arcs are not w e ll resolved. 
Th is  is because, a lthough the inc ident beam enters the camera through a p inhole s lit and 
co llim a to r tube, the beam is somewhat d ivergent and the spread increases in  the d iffracted  
beams. I f  in  an e ffo rt to increase the reso lu tion , a fin e r co llim a to r is used, the resulting 
d iffrac ted  beams have much less in tensity  and longer exposure times are needed. A part from  
com siderations o f the extra tim e invo lved , the am ount o f background radiation detected by 
the f i lm  increases w ith  exposure tim e and weak lines may be lost altogether in  the 
background.
The other modern pow der technique is d iffrac tom e try , w h ich  gives a series o f peaks on a 
s trip  o f  chart paper. A  convergent inc ident beam is obtained by p lacing a bent single crystal 
o f quartz or graphite between the X -ray  source and the sample. The orientation o f  this bent 
crysta l is adjusted so that i t  d iffrac ts  the inc iden t beam and converts i t  from  a d ivergent beam 
in to  a convergent one. The beam then strikes the sample and the d iffracted beams are 
arranged to  g ive fa ir ly  good resolution o f peaks. B o th  peak positions and intensities (peak 
heights) are read ily  obtained from  the chart to  make this a very useful and rapid method o f 
phase analysis.
The m ost im portant use o f  the powder method is in  the qua lita tive  iden tifica tion  o f crysta lline  
phases o r compounds. W h ile  most chem ical methods o f  analysis g ive in fo rm ation  about the 
elements present in  a sample, powder d iffra c tio n  is very d iffe ren t and perhaps unique in that 
i t  te lls  w hat c rysta lline  compounds o r phases are present but gives no d irect in fo rm ation  about 
the ir chem ical constitu tion .
Each crys ta lline  phase has a characteristic pow der pattern w h ich  can be used as a finge rp rin t 
fo r  iden tifica tio n  purposes. The tw o variables in  a pow der pattern are peak position, i.e. d- 
spacing, w h ich  can be measured very accurately i f  necessary, and intensity, w hich can be 
measured either qua lita tive ly  or quantita tive ly . I t  is rare but not unknow n that tw o materials 
have iden tica l pow der patterns. M ore  often, tw o  m ateria ls have one or tw o lines w ith  common
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d-spacings, but on com paring the w hole  patterns w h ich  m ay contain between 5 and 100 
observed lines, the tw o  are found to be quite  d iffe ren t. In  m ore extreme cases, tw o substances 
may happen to have the same un it ce ll parameters and therefore, the same d-spacings, but 
since d iffe ren t elements are probably present in  the tw o , the ir intensities are quite d iffe ren t. 
The norm al practice in  using powder patterns fo r  id en tifica tio n  purposes is to pay more 
attention to the d-spacings but, at the same tim e, check that the intensities are rough ly correct.
For the iden tifica tio n  o f  unknow n crysta lline  m ateria ls, an inva luab le reference source is the 
Powder D iffra c tio n  F ile  (Jo in t com m ittee on Pow der D iffra c tio n  Standards) previously know n 
as the A S T M  file , w h ich  contains the pow der patterns o f  about 35000 materials. In  the search 
indices, materials are classified e ither according to  the ir m ost intense peaks or according to 
the f irs t e ight lines in  the pow der pattern in  order o f  decreasing d-spacing. Problems arise i f  
the m ateria l is not included in  the f i le  o r i f  i t  is no t pure bu t contains lines from  more than 
one phase.
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A.VII.3 Results on the d-spacings measurements
Table A .V I I . l  : d-spacings obtained fro m  X -ra y  d iffra c tio n  studies on raw F u lle r’s Earth
powder. These values are com pared w ith  the characteristic d-spacings 
o f  Calcium  M o n tm o rillo n ite
d-spacings (Raw 
F u lle r’s Earth)
Intensity d-spacings (C a lc ium  
M o n tm o rillo n ite )
In tensity
13.6 high 15 100
4.93 very low 5.01 60
4.44 ' high 4.50 80
3.33 low 3.30 10
3.24 very low - -
3.003 medium 3.02 60
2.54 medium (2.58) - (2.50) 40
2.28 very low 2.26 10
2.08 very low 2.15 10
1.88 very low 1.88 10
1.69 very low 1.70 30
1.497 medium 1.493 50
1.288 low 1.285 20
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Table A .V II .2  : d-spacings obtained fro m  X -ra y  d iffra c tio n  studies on calcined and
treated Fuller's Earth pellets under h igh -ac id  conditions. These values 
are compared w ith  the characteristic d-spacings o f A lb ite  and Quartz
d-spacings
(calcined
pellets)
d-spacings 
(treated pellets)
In tensity d-spacings
(a lb ite)
In tensity
- 4.439 very lo w 4.34 (quartz) 21
- 4.04 m edium 4.033 84
3.42 3.427 high 3.399 (quartz) 100
3.35 3.332 low 3.204 100
- 3.186 m edium 3.178 88
2.675 2.675 very lo w 2.5 (quartz) 2
1.85 1.859 low 1.85 (quartz) 8
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Table A .V II .3  : d-spacings obtained fro m  X -ra y  d iffra c tio n  studies on treated Fuller's
Earth dark- and ligh t-co lou red  pellets under non-acid conditions. These 
values are compared w ith  the characteristic d-spacings o f Nepheline and 
Quartz
d-spacings 
(dark pellets)
d-spacings 
( lig h t pellets)
In tensity d-spacings
(nepheline)
In tensity
4.28 4.28 h igh 4.32 35
| 4.181 4.18 h igh 4.165 80
3.826 3.78 h igh 3.834 100
3.243 3.24 h igh 3.266 70
2.98 2.98 high 3.0 100
2.88 2.88 very lo w 2.88 35
2.58 - very lo w 2.57 50
2.34 2.32 m edium 2.336 35
2.08 2.06 very lo w 2.083 16
1.914 1.6 very low 1.82 (quartz) 14
1.55 1.55 low 1.54 (quartz) 9
1.387 1.39 low 1.37 (quartz) 8
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A P P E N D I X  V m
COM PUTER PROGRAMS
A .V II I .1  P E L L E T -G R A IN  M O D E L  FO R  A  S IN G L E  P E LLE T
cccccccccccccccccccccccccccccccccccccccccccccccccccccccc
C Extension of the pellet-grain model, for a single pellet and with two
C simultaneous reactions taking place, that returns the numerical and
C analytical estimation of the reaction rate (dXg/dt) and compares them
C The numerical evaluation is estimated from the Newton-Raphson
C solutions over a time step, whereas the analytical value is estimated 
C from the Szekely approximation
cccccccccccccccccccccccccccccccccccccccccccccccccccccccc
IMPLICIT DOUBLE PRECISION (A-H,0-Z)
EXTERNAL RAPHSON1,RAPHS0N2 
INTRINSIC ABS
REAL*8 XACC,relaxf,RP,RG,DGAS,KG,B1,B2,ETAP,RHO,Fl,F2,
1 XLAST1,TIME,DELTI,TI,CNACL,CNA,NCNA,CHCLIN,CHCL,
2 NCHCL,KE1,KS1,DEI,KE2,KS2,DE2,XLAST2,XF,FTOT,MNA,
3 TOL,DXG1,DXGDT1,DXG2,DXGDT2
INTEGER JMAX,L,TINT
OPEN(UNIT=8,FILE='deriv7.OUT1)
OPEN(UNIT=9,FILE='deriv8.OUT')
OPEN(UNIT=10,FILE='deriv9.OUT')
ccccccccccccccccccccccccccccccccccccccccccccccccccccccccc
c
C Newton - Raphson characteristics
C
cccccccccccccccccccccccccccccccccccccccccccccccccccccccc
JMAX=50 /* maximum number of iterations
XACC=1.OD-12 /* accuracy required by the Newton-Raphson
relaxf=0.5d0 /* relaxation factor to be used if needed
ccccccccccccccccccccccccccccccccccccccccccccccccccccccccc
c
C Initialise system parameters
C
CCCCCCCCCCCCCCCCCCCCCCi 
TI=2160000.DO 
TINT = 100.0 
DELTI = TI/TINT 
c delti=1800.0
c delti=1.0d0
TIME=0.0D0 
XLAST1=0.0D0 
XLAST2=0.0D0 
DXG1=0.0D0 
DXGDT1=0.0D0 
DXG2=0.0D0 
DXGDT2=0.0D0 
MNA=0.0D0 
XF=0.0D0 
Fl=9.9D0/100.0D0
solid]
F2=4.7DO/100.0D0
solid]
Ft o t =14.61D0/100.0D0 /* total Na uptake [g Na/g initial solid]
TOL=l.0D-04 /* tolerance for checking whether the Xg
/* real time [s] 
/* TIME STEP
/* initialise time 
/* initial value for conversion for reaction 1 
/* initial value for conversion for reaction 2 
/* initialise derivatives
/* initialise derivatives
/* total pellet Na uptake [g Na/g SOLID]
/* overall pellet conversion 
/* Na uptake due to reaction 1 [g Na/g initial
/* Na uptake due to reaction 2 [g Na/g initial
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value close to 1 can be accepted or not
RP=0.055/2.ODO /*
RG=20.OD-4 /*
DGAS=0.25D0 /*
KG=50.26D0 /*
RHO=4.1200D-3 /*
Bl=l.ODO /*
B2=l.ODO /*
ETAP=0.2ODO /*
pellet radius [cm] 
grain radius (20 microm)(cm) 
intrapellet diffusivity [cm2/s] 
gas film mass transfer coefficient [cm/s] 
moles sorbent/cm for Fuller's Earth 
stoichiometric ratio for reaction 1 
stoichiometric ratio for reaction 2 
intrapellet porosity
c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c
c
C Concentration terms for NaCl and HCI
C CNACL=2.2 ppmv and CHCLIN=160 ppmv
C
c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c
CNACL=2.2D0*1.3 03D-11
CNA=CNACL
NCNA=1.0D0
CHCLIN=160.0D0*1.303D-11
[moles/cm3]
CHCLIN=0.ODO
CHCL=CHCLIN 
NCHCL=1.0D0
/ *
/ *
/ *
/ *
feed Na concentration [moles/cm3] 
Na concentration in the gas phase 
normalised Na concentration 
feed HCI concentration 
for a high-acid experiment
/* feed HCI concentration for a 
non-acid experiment [moles/cm3]
/* normalised HCI concentration
c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c
C Parameters that can be optimised
C
c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c
KE1=5000.OdO 
KS1=0.0002d0 
DE1=10.0D-02 
KE2=5000.0D0 
KS2=0.7D0 
DE2=2.0D-05
/* reaction equilibrium constant 
/* reaction rate constant [cm/s] 
: intragrain diffusivity [cm2/s]
DO 13 L=1,TINT
TIME=TIME+DELTI
/* time progression loop
CALL RAPHSONl (L , TINT, TIME, XLASTl, JMAX, RP, DELTI, DGAS, KG,
1 RG,RHO, Bl,ETAP,CNACL,CNA,NCNA,CHCLIN,CHCL,
2 NCHCL,KEl,KSl,DEI,XACC,TOL,DXGl,DXGDTl) 
WRITE(8,1000) XLASTl,TIME,DXGl,DXGDTl
1000 FORMAT(1X,4(1X,E13.6))
CALL RAPHSON2 (L , TINT, TIME, XLAST2 , JMAX, RP, DELTI, DGAS, KG,
1 RG,RHO,B2,ETAP,CNACL,CNA,NCNA,CHCLIN,CHCL,
2 NCHCL,KE2,KS2,DE2,XACC,TOL,DXG2,DXGDT2) 
WRITE(9,1010) XLAST2,TIME,DXG2,DXGDT2
1010 FORMAT(IX,4(IX, E13.6) )
1020
13
MNA = (Fl*XLASTl+F2*XLAST2)
XF = MNA/FTOT
WRITE(10,1020) XF,MNA,TIME 
FORMAT(IX,3 (1X,E13.6))
END
CONTINUE
/* total pellet Na uptake 
[g Na/g clean sorbent]
/* overall pellet conversion
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SUBROUTINE RAPHSON1(L ,TINT,TIME,XLAST1,JMAX,RP,DELTI,DGAS,KG,
1 RG,RHO,B1,ETAP,CNACL,CNA,NCNA,CHCLIN,CHCL,
2 NCHCL,KEl,KSl,DEI,XACC,TOL,DXG1,DXGDT1)
c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c e c c c c c c c c c c c c c c c c c c c c c c c c c c
c
IMPLICIT DOUBLE PRECISION (A-H,0-Z)
EXTERNAL GRAINl 
INTRINSIC ABS,DABS
REAL* 8 TIME,XLAST1,RP,DELTI, DGAS,KG,NCHCL,KEl,KSl,DEI,FUN,DFUN,
1 RG, RHO, B1, ETAP, CNACL, CNA, NCNA, CHCLIN, CHCL, XGUESS, DX, XACC,
2 TOL,DXGl,DXGDTl 
INTEGER L,TINT,JMAX,J2
XGUESS = XLASTI
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
c
c PROGRAM FOR NEWTON-RAPHSON METHOD FOR FINDING ROOTS
C
c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c cDO 11 J2=l,JMAX 
TIME=TIME
CALL GRAINl(XGUESS,FUN,DFUN,RP,DELTI,J2,TIME,DGAS,KG,
1 RG,RHO,Bl,ETAP,CNACL,CNA,NCNA,CHCLIN, CHCL,
2 NCHCL,KEl,KSl,DEI,TOL,DXGDTl)
C
C Condition for the pellet that has been saturated before the end of 
C experiment time 
C .
IF(XGUESS.GE.1.0D0.AND. (XGUESS-1.0D0 ) .LT .TOL) THEN 
XGUESS=1.0D0
WRITE(1,'(IX,''XGUESS1 = '',E12.4,''TIME='',D12.4,'1J2='1,
1 14)') XGUESS,TIME,J2
GOTO 12
ENDIF
C
C Condition for a much bigger Xg than 1 
C
1
C 
C
c 
c 
c
c
C The WRITE statement can appear immediately after this comment and give
C the real value of XGUESS (negative or positive), or
C it can be written later as 0 or 1 or its normal value depending on the
C conditions
C
C
C WRITE(1,'(IX,1'XGUESS1 = '’,E12.4,'1TIME='',D12.4,''J2='',
C 1 14)’) XGUESS,TIME,J2
IF((XGUESS-1.0D0).GE.TOL) THEN 
PRINT *,'XG1 BIGGER THAN 1'
WRITE(1,'(IX,'’XGUESS1 = '1,E12.4,''TIME='',D12.4,''J2='', 
14)') XGUESS,TIME,J2
GOTO 12 
ENDIF
DX=FUN/DFUN 
XGUE S S=XGUES S-DX
Or we could use a relaxation factor 
Xguess = Xguess - Relaxf*DX
XGUESS=XGUESS-relaxf*DX
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C Condition for a really negative Xg 
C
IF(XGUESS.LT.0.0D0.AND.DABS(XGUESS).GT.l.D-14) THEN 
XGUESS=0.DO 
IF(J2.GE.JMAX) THEN
PRINT *, 'NEGATIVE XG ENCOUNTERED RESET TO ZERO'
WRITE(1, ' (IX, ' 'XGUESS1 = ' ' , E12.4 , ' 'TIME=' ',D12.4, ' 'J2=' ', 
1 14)') XGUESS,TIME,J2
GOTO 12 
ENDIF
C
C Condition for the negative Xg, which is smaller than the computer's
C accuracy and therefore can be considered really as zero
C
ELSEIF(DABS(XGUESS).LT.l.D-14) THEN 
XGUESS=0.DO 
IF(J2.GE.JMAX) THEN 
WRITE(1,'(IX,''XGUESS1 = '1,E12.4,''TIME='',D12.4,''J2='',
1 14)') XGUESS,TIME,J2
GOTO 12 
ENDIF 
ENDIF
WRITE(1,'(IX,''XGUESS1 = '',E12.4,''TIME='',D12.4,''J2='',
1 14)') XGUESS,TIME,J2
IF(ABS(DX).LT.XACC) THEN /* convergence
GOTO 12
ENDIF
11 CONTINUE
PAUSE 'XGUESS EXCEEDING MAXIMUM ITERATIONS' 
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 
c
C XGUESS IS THE SOLUTION FROM THE GRAIN MODEL FOUND BY
C NEWTON-RAPHSON METHOD AND USED TO FIND THE OVERALL SOLID'S
C NA CONTENT
C
c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c
12 DXG1=(XGUESS-XLASTl)/DELTI /* numerical evaluation of dXgl/dt
XLAST1=XGUESS /* this is the new value that will be used later 
END
c
SUBROUTINE GRAIN 1 (XGUESS, FUN, DFUN, RP, DELTI, J2 , TIME, DGAS, KG,
1 RG,RHO,Bl,ETAP,CNACL,CNA,NCNA,CHCLIN,CHCL,
2 NCHCL,KEl,KS1,DEI,TOL,DXGDTl)
C #################################################################
C #
C GRAINl: PROVIDES VALUE AND DERIVATIVE OF MODEL #
C EQUATION AT XGUESS #
C #
C SZEKELY,EVANS AND SOHN "PELLET-GAS-SOLID REACTIONS" #
C ACADEMIC PRESS, NEW YORK, 1976 #
C #
C #################################################################
IMPLICIT DOUBLE PRECISION (A-H,0-Z)
INTRINSIC ABS,EXP,LOG
REAL * 8 XGUES S , FUN, DFUN, XG, PHI 2 , SHERW, PHIG, DGAS , KG, CHCL,
1 EQNl, EQN2 , EQN3 , DEQNl, DEQN2 , DEQN3 , DELTI, CNA, NCNA,
2 TSTAR, TIME, CIN2 , RP, RG, RHO, Bl, ETAP, CNACL, CHCLIN,
3 NCHCL,KE1,KS1,DEI,TOL,TSTARl,DXGDTl
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INTEGER J2 
XG=XGUESS
C Condition if the value of XGUESS is so close to 1, that it
C has reached saturation and should not proceed any more
C
IF(XGUESS.GE.l.ODO.AND.(XGUESS-1.ODO).LT.TOL) THEN 
XGUESS=1.ODO 
GOTO 10 
ENDIF
C
C Condition if XGUESS is much bigger than 1 
C
IF((XGUESS-1.ODO).GE.TOL) GOTO 10
C
C
C INTRINSIC REACTION RATE, 1ST ORDER
C CIN2 = PRESENT GAS NA CONC IN THE TANK
C KE = KC * CH2O/s0.5 = CHCL/CNACL => CNACL = CHCL/KE
C CIN2 = CNA - CHCL/KE
C
C CIN2=(CNA-CHCL/KE1)
C
C Normalised Expression of concentration driving force
C
C
CIN2 = (NCNA*CNACL-NCHCL*CHCLIN/KE1)
c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c
c
C Calculation of modified Sherwood number and the dimensionless 
C groups sigma and sigmag for Szekely approximation 
C
c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c
PHI2=RP**2*{1.ODO-ETAP)*KS1/(6.0D0*DGAS*RG)*(1.0D0+1.0D0/KE1) 
SHERW=KG* RP/DGAS
PHIG=KS1*RG/(6.0D0*DEl)*(1.0D0+1.0D0/KE1)
C WRITE(1, ' ( 1 'GRAIN1 HERE! ' '/
C l  '' PHI2 = '1,E12.4/
C 2 '' SHERW = 1',E12.4/
C 3 ' ' PHIG = ' r,E12.4)') PHI2,SHERW,PHIG
TSTAR1=1.0D0+PHIG+PHI2*(1.0D0+2.0D0/SHERW)+(0.21D0-0.31D0)*
1 (1.0D0+PHI2)*EXP<-0. 9D0*(LOG((PHI2**(1.0d0/2.OdO))/
2 1.08D0))**2)
TSTAR=B1*KS1*CIN2*TIME/(RHO*RG)
C WRITE(1,1(11tstarl='1,dl2.4, 1'tstar='',dl2.4)1) tstarl,tstar
C
C Condition if tstarl=time for complete conversion is a criterion
whether
C Xg should stop proceeding to bigger values than 1
C
C IF((TSTARl-TSTAR).LT.0.005D0) THEN
C XGUESS=1.ODO
C GOTO 10
C ENDIF
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C EQN1 = g (XG)
C EQN2 = p (XG)
C EQN3 = LAST TERM OF THE TSTAR EQUATION FOR XG
EQN1=1.0D0-(1.0D0-XG)**(1.0D0/3.0D0)
EQN2=1.0D0-3.0D0*(1.0D0-XG)**(2.0D0/3.0D0)+2.0D0* (1.0D0-XG) 
EQN3=(0.21D0*XG-0.31D0*XG**2)*(1.0D0+PHI2)*EXP(-0.9D0*
1 (LOG((PHI2 * *(1.OdO/2.OdO))/1.08D0))**2)
C
C FUN = VALUE OF FUNCTION AT XGUESS
C
FUN=EQN1+EQN2*PHIG+PHI2*(EQN2+2.0D0*XG/SHERW)+EQN3-TSTAR
C
C CALCULATE DERIVATE OF FUNCTION W.R.T. XG
C
DEQN1 = (l.ODO-XG)**(-2.0D0/3.0D0)/3.0D0
DEQN2 = 2.ODO*(1-XG)**(-1.ODO/3.ODO)-2.ODO
DEQN3 = (0.21D0-0.62D0*XG)*(1.0D0+PHI2)*EXP(-0.9D0*
1 (LOG((PHI2**(1.0d0/2.OdO))/1.08DO))**2)
C
C DFUN IS VALUE OF DERIVATIVE AT XGUESS
C
DFUN = DEQN1+PHI2*(DEQN2+2.ODO/SHERW)+PHIG*DEQN2+DEQN3
C
C Analytical calculation of dXgl/dt 
C
DXGDTl=((B1*KS1*CIN2)/ (RHO*RG))/DFUN
10 RETURN
END
SUBROUTINE RAPHSON2(L ,TINT,TIME,XLAST2,JMAX,RP,DELTI,DGAS,KG,
1 RG,RHO,B2,ETAP,CNACL,CNA,NCNA,CHCLIN,CHCL,
2 NCHCL,KE2,KS2,DE2,XACC,TOL,DXG2,DXGDT2)
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
c
IMPLICIT DOUBLE PRECISION (A-H,0-Z)
EXTERNAL GRAIN2 
INTRINSIC ABS
REAL*8 TIME,XLAST2,RP,DELTI,DGAS,KG,NCHCL,KE2,KS2,DE2,FUN,DFUN,
1 RG,RHO,B2,ETAP,CNACL,CNA,NCNA,CHCLIN,CHCL,XGUESS,DX,XACC,
2 TOL,DXG2,DXGDT2 
INTEGER L,TINT,JMAX,J2
XGUESS = XLAST2
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
c
C PROGRAM FOR NEWTON-RAPHSON METHOD FOR FINDING ROOTS
C
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 
DO 11 J2=l,JMAX 
TIME=TIME
CALL GRAIN2(XGUESS,FUN,QFUN,RP,DELTI,J2,TIME,DGAS,KG,
1 RG,RHO,B2,ETAP,CNACL,CNA,NCNA,CHCLIN, CHCL,
2 NCHCL,KE2,KS2,DE2,TOL,DXGDT2)
C
C Condition for the pellet that has been saturated before the end of 
C experiment time
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c
IF(XGUESS.GE.1.0D0.AND.(XGUESS-1.0D0).LT.TOL) THEN 
XGUESS=1.0D0
WRITE(1,'(IX,''XGUESS2 = '',E12.4,''TIME='',D12.4,''J2='', 
1 14)') XGUESS,TIME,J2
GOTO 12
ENDIF
Condition for a much bigger Xg than 1
IF((XGUESS-1.0D0).GE.TOL) THEN 
XGUESS=1.ODO+TOL 
IF(J2.GE.JMAX) THEN 
PRINT *,1XG2 BIGGER THAN 1'
WRITE(1,'(IX,•'XGUESS2 = 1',E12.4,1'TIME='',D12.4,'1J2='1, 
1 14)') XGUESS,TIME,J2
GOTO 12 
ENDIF 
GOTO 12 
ENDIF
DX=FUN/DFUN 
XGUESS=XGUESS-DX
Or we could use a relaxation factor 
Xguess = Xguess - Relaxf*DX
XGUESS=XGUESS-relaxf*DX
The WRITE statement can appear immediately after this comment and give 
the real value of XGUESS (negative or positive), or
it can be written later as 0 or 1 or its normal value depending on the 
conditions
WRITE(1,'(IX,'’XGUESS2 = '',E12.4,1'TIME='1,D12.4,1'J2=11, 
1 14)') XGUESS,TIME,J2
Condition for a really negative Xg
IF(XGUESS.LT.0.0D0.AND.DABS(XGUESS).GT.l.D-14) THEN 
XGUESS=0.DO 
IF(J2.GE.JMAX) THEN
PRINT *,'NEGATIVE XG2 ENCOUNTERED RESET TO ZERO'
WRITE(1,'(IX,''XGUESS2 = 11,E12.4,''TIME='1,D12.4,1'J2=11, 
1 14)') XGUESS,TIME,J2
GOTO 12 
ENDIF
Condition for the negative Xg, which is smaller than the computer's 
accuracy and therefore can be considered really a s .zero
ELSEIF(DABS(XGUESS).LT.l.D-14) THEN 
XGUESS=0.DO 
IF(J2.GE.JMAX) THEN 
WRITE(1,'(IX,''XGUESS2 = '',E12.4,''TIME=11,D12.4,'1J2='', 
1 14)') XGUESS,TIME,J2
GOTO 12
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ENDIF
ENDIF
WRITE (1, ’ (IX, ’ 'XGUESS2 = ' ' , E12 . 4 , ' ' TIME= ' ' , D12 . 4 , ' ' J2= ' ' ,
1 14)') XGUESS,TIME,J2
IF(ABS(DX).LT.XACC) THEN /* CONVERGENCE
GOTO 12
ENDIF
11 CONTINUE
PAUSE 'XGUESS EXCEEDING MAXIMUM ITERATIONS'
c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c
c
C XGUESS IS THE SOLUTION FROM THE GRAIN MODEL FOUND BY
C NEWTON-RAPHSON METHOD AND USED TO FIND THE OVERALL SOLID'S
C NA CONTENT
C
c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c12 DXG2=(XGUESS-XLAST2)/DELTI /* numerical evaluation of dXg2/dt
XLAST2 =XGUESS /* this is the new value that will be used later
END
SUBROUTINE GRAIN2 (XGUESS, FUN, DFUN, RP, DELTI, J2 , TIME, DGAS, KG,
1 RG,RHO,B2,ETAP,CNACL,CNA,NCNA,CHCLIN,CHCL,
2 NCHCL,KE2 , KS2,DE2,TOL,DXGDT2)
C #################################################################
C #
C GRAIN1: PROVIDES VALUE AND DERIVATIVE OF MODEL #
C EQUATION AT XGUESS #
C #
C SZEKELY,EVANS AND SOHN "PELLET-GAS-SOLID REACTIONS" #
C ACADEMIC PRESS, NEW YORK, 1976 #
C #
C #################################################################
IMPLICIT DOUBLE PRECISION (A-H,0~Z)
INTRINSIC ABS,EXP,LOG
REAL* 8 XGUESS, FUN, DFUN, XG, PH 12 , SHERW, PHIG, DGAS, KG,
1 EQN1, EQN2 , EQN3 , DEQN1, DEQN2 , DEQN3 , DELTI, CNA, NCNA,
2 TSTAR, TIME, CIN2 , RP, RG, RHO, B2 , ETAP, CNACL, CHCLIN, CHCL,
3 NCHCL, KE2 , KS2 , DE2 , TOL, TSTAR2 , DXGDT2
INTEGER J2 
XG=XGUESS
C
C Condition if the value of XGUESS is so close to 1, that it
C has reached saturation and should not proceed any more
C
IF(XGUESS.GE.l.ODO.AND.(XGUESS-1.ODO).LT.TOL) THEN 
XGUESS=1.ODO 
GOTO 10 
ENDIF
C
C Condition if XGUESS is much bigger than 1
C
IF((XGUESS-1.ODO).GE.TOL) GOTO 10 
C XGUESS=1.O+TOL
C GOTO 10
C ENDIF
C
C INTRINSIC REACTION RATE, 1ST ORDER
C CIN2 = PRESENT GAS NA CONC IN THE TANK
C KE = KC * CH2O/v0 .5 = CHCL/CNACL => CNACL = CHCL/KE
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C CIN2 = CNA - CHCL/KE
C
c CIN2=(CNA-CHCL/KE2)
C
C Normalised Expression of concentration driving force
C
C
CIN2=(NCNA*CNACL-NCHCL*CHCLIN/KE2)
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
c
C Calculation of modified Sherwood number and the dimensionless 
C groups sigma and sigmag for Szekely approximation 
C
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 
PHI2=RP**2*(1.ODO-ETAP)*KS2/(6.0D0*DGAS*RG)*(1.0D0 + 1 . 0D0/KE2) 
SHERW=KG* RP/DGAS
PHIG=KS2*RG/(6.0D0*DE2)*(1.0D0+1.0D0/KE2)
C WRITE(1,'(''GRAIN2 HERE!’'/
C l  '' PHI2 = '',E12.4/
C 2 '' SHERW = ’',E12.4/
C 3 '' PHIG = 1',E12.4)1) PHI2,SHERW,PHIG
TSTAR2=1.ODO+PHIG+PHI2*(1.0D0+2.ODO/SHERW)+(0.21D0-0.31D0)*
1 (1.0D0+PHI2)*EXP(-0.9D0*(LOG((PHI2** <1.OdO/2.OdO))/
2 1.08D0))**2)
TSTAR=B2 *KS2 *CIN2 *TIME/(RHO*RG)
C WRITE(1,1('1tstar2=‘',dl2.4, ''tstar=1',d!2.4)') tstar2,tstar
C
C Condition if tstar2=time for complete conversion is a criterion
whether
C Xg should stop proceeding to bigger values than 1
C
C IF((TSTAR2-TSTAR).LT.0.005D0) THEN
C XGUESS=1.0D0
C GOTO 10
C ENDIF
C EQN1 = g(XG)
C EQN2 = p (XG)
C EQN3 = LAST TERM OF THE TSTAR EQUATION FOR XG
EQN1=1.0D0-(1.ODO-XG)**(1.0D0/3.0D0)
EQN2=1.ODO-3.ODO*(1.ODO-XG)**(2.0D0/3.0D0)+2.ODO*(1.ODO-XG) 
EQN3=(0.2lD0*XG-0.31D0*XG**2) *(1.0D0+PHI2)*EXP(-0.9D0*
1 (LOG((PHI2**(1.OdO/2.OdO))/1.08D0))**2)
C
C FUN = VALUE OF FUNCTION AT XGUESS
C
FUN=EQN1+EQN2*PHIG+PHI2 * (EQN2+2 . ODO*XG/SHERW) +EQN3-TSTAR
C
C CALCULATE DERIVATE OF FUNCTION W.R.T. XG 
C
DEQNl = (1.ODO-XG)**(-2.0D0/3.ODO)/3.ODO
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DEQN2 = 2.ODO*(1-XG)**(-1.ODO/3.ODO)-2.ODO
DEQN3 = (0.21D0-0.62D0*XG)*(1.0D0+PHI2)*EXP(-0.9D0*
1 (LOG((PHI2**(1.OdO/2.OdO))/1.08D0))**2)
C DFUN IS VALUE OF DERIVATIVE AT XGUESS
C
DFUN = DEQN1+PHI2*(DEQN2+2.ODO/SHERW)+PHIG*DEQN2+DEQN3
C
C Analytical evaluation of dXg2/dt
C
DXGDT2=((B2*KS2*CIN2)/ (RHO*RG))/DFUN 
10 RETURN
END
C
A .V II I .2  F IX E D  BED  SO RPTIO N P R O G R A M
c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c
c
C ALKALI FIXED BED SORPTION MODEL SOLVED BY GEAR'S METHOD 
C
c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c
c
C Main program:
C
IMPLICIT DOUBLE PRECISION (A-H,0-Z)
EXTERNAL FCT
INTEGER*4 NMAX, NDIM, I, IHLF, IREC, ISTEP, IEND, ITEST, J, IMOD,
1 NTANKS
INTEGER*4 TT 
parameter (ntanks=20)
parameter (nmax=4*NTANKS, kl=12*nmax, k2=nmax*nmax)
DIMENSION Y (8,Nmax), DERY(Nmax), AUX(8,Nmax), PRMT(5)
DIMENSION save(12,nmax), error(nmax), pw(k2), ymax(nmax)
REAL * 8 PRMT, AUX, DERY, Y, A, B, C, X, XEND, H ,AJ ,BJ, CJ, Rl, R2,
1 DELT, DABS
REAL * 8 PHI2A, PHIGA, PHI2, PHIG, SHERWM, TIMEREF1, TIMEREF2, KEl,
1 KE2, KSl, KS2, DEI, DE2, RP, ETAP,
2 KG, RHO, Bl, B2, TSTAR1, TSTAR2 
REAL*8 TEMPERATURE, PRESSURE, VISC, DENS, WU,
1 REYNOLDS, SCHMIDT, VEL, DIA
common /param/ kel, ke2, ksl, ks2, del, de2, 
common /tempre/ temperature, pressure, vise,
1 reynolds, schmidt,vel, dia, sherwm
common /diff/ dgas, kg 
common /cone/ cnacl, chclin 
open(unit=8, file='many.out') 
open(unit = 9, file=1 balance.out')
c
c NDIM no of equations
c Y(NDIM) array of dependent variables
c DERY(NDIM) array of derivatives (right hand sides)
c*** Set no of eqautions
NDIM=4*ntanks
c
ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
c
c Temperature and Pressure Effects
c
ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc
TEMPERATURE=923.ODO ! temperature of interest (K)
PRESSURES. 01325 ! pressure of interest (bar)
CNACL, CHCLIN, DGAS,RG, 
TEM, DM,
rp, etap, rg, rho,bl,b2 
dens, wu, tern, dm,
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TEM=1.3805D-23*TEMPERATURE/1.3907D-21
WU = (1.16145/(TEM**0.14874))+(0.52487/EXP(0.77320*TEM)}+
1 (2.16178/EXP(2.43787*TEM))
VISC=26.69D0*SQRT(28.013DO*TEMPERATURE)*10.0D-06/
1 (3.659D0**2.0D0*WU)
! nitrogen viscosity [g/(cm s) ]
DENS=1.2507*10.0D-03*273.0D0*PRESSURE/(TEMPERATURE*1.01325)
! nitrogen density [g/cmA3]
CNACL=2.2D-06*PRESSURE/(83.138* TEMPERATURE)
! feed Na concentration [moles/cmA3] CHCLIN=160.OD-O6*PRESSURE/(83.138* TEMPERATURE)
I feed HCI concentration
DIA=0.055D0 ! pellet diameter [cm]
VEL=10.0D0 ! superficial velocity [cm/s]
DM = 1.3D0*(1.01325D0/PRESSURE)* (TEMPERATURE/1173.ODO)**1.75D0
! moleculardiffusivity [cmA2/s]
DGAS = DM / 4.ODO ! intrapellet diffusivity
[cmA2/s]
REYNOLDS = (DENS*VEL*DIA) /VISC 
SCHMIDT=VISC/(DENS*DM)
SHERWM=2.0D0+1.1D0*(SCHMIDT**(1.0D0/3.ODO)*REYNOLDS**0.6)
KG=(SHERWM*DM)/DIA
RG=20.OD-4 
RHO=4.12 00D-3 
Bl=l.ODO 
B2=l.ODO 
ETAP=0.2 0D0 
RP=0.055D0/2.ODO 
KE1=5000.OdO 
KS1=0.0002d0 
DE1=0.001 
KE2=5000.ODO 
KS2=0.7D0 
DE2=2.0D-05
I gas film mass transfer coefficient [cm/s]
! grain radius (20 microm)(cm)
! moles sorbent/cmA3 for Fuller's Earth
! stoichiometric ratio for reaction 1
! stoichiometric ratio for reaction 2
! intrapellet porosity 
pellet radius [cm] 
reaction equilibrium constant 
reaction rate constant [cm/s] 
intragrain diffusivity [cm2/s]
set the initial values for Y 
DO 1=1,NMAX 
Y (1,I)=0.DO 
ENDDO
Define the error weights (use equal weights for all variables) 
DO 1=1,NDIM 
ymax(I)=1.D0/NDIM 
ENDDO
c set variables for integration 
c
hmin=l.d-14 
hmax=900.dO 
jstart=0 
mf=2
maxder=6 
eps=l.Od-3 
ml=8 
mu=8
! min time step [s] 
! max time step [s]
accuracy
c
h=hmin 
x=-h 
TT = 0 
10000 continue 
c
c*** now call the routine to integrate (Gear's method)
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ca ll DIFSUB_NEW (Ndim,x,Y,dery, SAVE, H, HMIN, HMAX, EPS,MF, YMAX, ERROR, 
1 KFLAG,J START,MAXDER, PW,K1,K2, FCT}
TT = TT + 1
IF(MOD(TT, 1) .EQ. 0) then
w rite(6,1234) js ta r t,x /3 600.d 0 ,h ,(y (1 ,j ) , j= l ,4)
ENDIF
1234 format(lx , i3 , lx ,flO .6 ,lx ,5 (lp e ll.4 ,lx )  )
1235 format(lx , 15x,12x,4 (Ip ell.4 , lx ) )
1236 format(lx , i3 ,10(lpel3.6 , lx ) )
i f (x /3 600.dO.g t .600.OdO) go to 20000 
! for a 600 hr run
if(k fla g .eq.1) then 
go to 10000 
else
w rite(8,1234) jstart,x /3600.d 0,h ,(y(1 ,j ) , j = l ,4) 
do itank=2,ntanks
w rite(8,1235) (y(l,(itank-1)*4+j) , j = l ,4)
enddo 
stop 
endif
C
20000 continue
w rite(8,1234) jsta r t,x /3 600.d 0 ,h ,(y (1 ,j ) , j = l ,4) 
do i tank=2,ntanks
w rite(8,1235) (y(1 ,(itank-1)*4+j) , j = l ,4) 
enddo 
STOP 
END
c
c
Subroutine FCT(ndim, X, Y, DERY) 
im plicit real*8 (a-h,o-z)
INTEGER NDIM, I, ntanks, TINT, jmax, L, J2, TSTAR_FLAG1 
PARAMETER(ntanks=2 0)
dimension Y(8,NDIM), DERY(NDIM), NCNA(ntanks), NCHCL(ntanks) ,
c
1 XLAST1(ntanks) , XLAST2(ntanks), DXG1(NTANKS), DXG2(NTANKS),
2 XXLAST1(NTANKS) , XXLAST2(NTANKS), DXGDTl(NTANKS),
3 DXGDT2(NTANKS) , CIN1(NTANKS) , CIN2(NTANKS), MNA(NTANKS) ,
4 BEDPOS(NTANKS)
REAL*8 BITA2, BITA3, BITA4, BEDDEN, BEDLEN, TIME, DFUN1,
1 Fl, F2, RP, DERY, X, PRMT, DELZ, ETA, AREA, BEDDIA, VFLO,
2 WSORB, Y, NCNA, NCHCL, XLASTl, XLAST2, DXG1, DXG2,
3 MNA, relaxf, xacc, xf, xguess, FTOT, RG, RHO, Bl, B2, DFUN2,
4 ETAP, XXLASTl, XXLAST2, DXGDTl, DXGDT2, CIN2, CIN1,
5 FUN, BEDPOS
REAL*8 TEMPERATURE,PRESSURE, VISC, DENS, WU, TEM, DM,
1 REYNOLDS, SCHMIDT, SHERWM
common /param/ kel, ke2, ksl, ks2, del, de2, rp, etap, rg, rho, bl,
1 b2
common /tempre/ temperature, pressure, v ise, dens, wu, tem, dm,
1 reynolds, schmidt,vel, dia, sherwm
common /d if f /  dgas, kg 
common /cone/ cnacl, chclin
EXTERNAL GRAIN1, GRAIN2 
INTRINSIC EXP, LOG
SAVE XLASTl,XLAST2
C
C
TIME=X ! REAL TIME [S]
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BEDLEN=1. 516D0 
DELZ=BEDLEN/ntanks 
ETA =0.35D0 
BEDDIA=2.5D0
AREA=( (BEDDIA)/2. ODO)**2*3.1416D0 
VFLO=AREA*VEL 
BEDDEN=0.3 663D0 
WSORB=BEDDEN*10.0/AREA 
Fl=9.9D0/100. ODO ! Na uptake due
sorbent]
F2=4.7D0/100.ODO ! Na uptake due
sorbent]
C CONVECTIVE MASS BALANCE CONSTANTS
BITA2=VEL/(DELZ*ETA)
BITA3=(WSORB*Fl)/ (ETA*23.0)
BITA4=(WSORB*F2)/ (ETA*23.0)
cccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
c
C In itia lise  system parameters
C
cccccccccccccccccccccccccccccc
DXG1(NTANKS)=0.ODO 
DXG2(NTANKS)=0.0D0 
DXGDTl(NTANKS)=0.0D0 
DXGDT2(NTANKS)=0.0D0 
C MNA(NTANKS)=0.0D0
in it ia l sorbent]
XF=0. ODO 
XGUESS=0. ODO
FTOT=14. 61D0/100.ODO
DO 1010 I=l,ntanks 
NCNA(I )=Y{1,(I—1)*4+1)
NCHCL(I )=Y(1,(1-1)*4+2)
XLASTl(I)=Y(1,(1-1)*4+3)
XLAST2(I)=Y(1,(1-1)*4+4)
1010 CONTINUE
C
C ENTER THE TESTED ANALYTICAL FORMULA FOR DXGl AND DXG2 
C
C DERY(3) = DXGl(NTANKS)
C DERY(4) = DXG2(NTANKS)
DO 20 1=1,NTANKS
CALL GRAINl (XLAST1, FUN, DFUNl, RP, J2, TIME, DGAS, KG, I, RG,
1 RHO,Bl, ETAP, CNACL, NCNA, CHCLIN, NCHCL, KEl, KSl, DEI, CINl)
C
C Analytical calculation of dXgl/dt 
C
DXGDTl(I) = ( (B1*KS1*CIN1(I) ) / (RHO*RG)) /DFUNl
CALL GRAIN2 (XLAST2, FUN, DFUN2, RP, J2, TIME, DGAS, KG, I, RG,
1 RHO,B2, ETAP, CNACL, NCNA, CHCLIN, NCHCL, KE2, KS2, DE2, CIN2)
C
C Analytical evaluation of dXg2/dt 
C
DXGDT2(I) = ( (B2*KS2*CIN2(I) ) / (RHO*RG)) /DFUN2
IF(I.EQ.l) THEN
DERY((1-1)*4+3) = (DXGDTl(I))
! in it ia l is e  derivatives 
! in it ia l is e  derivatives
! to ta l p e lle t Na uptake [g Na/g 
! overall p e lle t conversion
! total Na uptake [g Na/g in it ia l  sorbent]
BED LENGTH [CM]
TANK LENGTH [CM]
BED VOIDAGE 
BED DIAMETER [CM]
BED X-SECTIONAL AREA [CM^ 2] 
VOLUMETRIC FLOWRATE [CMA3/S] 
[G SORBENT/MM OF BED HEIGHT] 
[G SORBENT/CM''3 OF BED]
to reaction 1 [g Na/g in it ia l
to reaction,2 [g Na/g in it ia l
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DERY((1-1)*4+4) = (DXGDT2(I))
DERY((1-1)*4 + 1)= (- BITA2*(NCNA(I ) -1 .ODO)-
1 (BITA3/CNACL)*DERY((1-1)*4+3)-(BITA4/CNACL)*
2 DERY((1-1)*4+4))
DERY((1-1)*4+2)= (- BITA2*(NCHCL(I ) -1 .ODO) +
1 (BITA3/CHCLIN)* DERY((1-1)*4 + 3) + (BITA4/CHCLIN)*
2 DERY{(1-1)*4+4))
ELSE
DERY((1-1)*4+3) = DXGDTl(I)
DERY((1-1)*4+4) = DXGDT2(I)
DERY((1-1)*4+1)= - BITA2*(NCNA(I)-NCNA(I-l))-
1 (BITA3/CNACL)*DERY((1-1)*4+3)-(BITA4/CNACL)*
2 DERY{(1-1)*4+4)
DERY((1-1)*4+2)= - BITA2*(NCHCL(I)-NCHCL(1-1))+
1 (BITA3/CHCLIN)*DERY((1-1)*4+3)+(BITA4/CHCLIN)*
2 DERY((1-1)*4+4)
ENDIF
MNA(I)=F1*Y(1,(1-1)*4+3)+F2*Y(1 ,(I-l)*4+4) ! total Na uptake (%wt) 
BEDPOS(I)=DELZ*(1-0.5) ! position in the bed (in the
C middle of each tank) [cm]
2 0 CONTINUE
RETURN
END
c
SUBROUTINE GRAINl (XLASTl, FUN, DFUN1, RP, J2, TIME, DGAS, KG, I,
1 RG, RHO, Bl, ETAP, CNACL, NCNA, CHCLIN, NCHCL, KEl, KS1, DEI,
2 CIN1)
C CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 
C
C GRAINl: PROVIDES VALUE AND DERIVATIVE OF MODEL
C EQUATION AT XGUESS FOR REACTION 1
C
C PELLET-GRAIN MODEL / SZEKELY APPROXIMATION 
C
C CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 
IMPLICIT DOUBLE PRECISION (A-H,0-Z)
INTRINSIC ABS,EXP,LOG 
INTEGER J2,NTANKS, I 
PARAMETER(ntanks=20)
DIMENSION NCNA(NTANKS) , NCHCL(NTANKS), XLASTl(NTANKS) ,
1 CINI(NTANKS)
REAL*8 XGUESS, FUN, DFUNl, XG, PHI2, SHERW, PHIG, DGAS, KG, EQN1,
1 EQN2, EQN3, DEQNl, DEQN2, DEQN3, NCNA, TSTAR, TIME, CIN1, RP,
2 RG, RHO, Bl, ETAP, CNACL, CHCLIN, NCHCL, KEl, KSl, DEI, TOL,
3 XLASTl
REAL*8 TEMPERATURE, PRESSURE, VISC, DENS, WU, TEM, DM,
1 REYNOLDS, SCHMIDT, DIA, VEL, SHERWM
common /tempre/ temperature, pressure, v ise, dens, wu, tern, dm,
1 reynolds, schmidt,vel, dia, sherwm 
XGUESS=XLAST1(I)
XG=XGUESS
C
C REACTION RATE EXPRESSION FOR A 1ST ORDER REACTION
C AT EQUILIBRIUM : KE = KC * CH2OA0.5 = CHCL/CNACL => CNACL = CHCL/KE
C CIN2 = CNA - CHCL/KE = PRESENT GAS NA CONC IN THE TANK
C
C Normalised Expression for the concentration driving force 
C
CIN1(I)=CNACL*(NCNA(I)-NCHCL(I)* (CHCLIN/CNACL)/KEl)
cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
c
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C Calculation of modified Sherwood number and the dimensionless groups 
C sigma and sigmag for Szekely approximation
C
cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc
PHI2=RP**2*(1 .ODO-ETAP)*KS1/(6 .0D0*DGAS*RG)*(1 .0D0+1. 0D0/KE1)
! sigma value
SHERW=KG*RP/DGAS ! modified Sherwood number
PHIG=KS1*RG/ (6 . 0D0*DE1) * (1. 0D0+1. ODO/KEl) !. sigmag value
C WRITE( 1 , ' ( ' 'GRAINl HERE!' ' /
C l  '' PHI2 = ' ' ,E12.4/
C 2 '' SHERW = ' ' , E12.4/
C 3 '' PHIG = 11,E12.4 )') PHI2 ,SHERW,PHIG
TSTAR=B1*KS1*CIN1(I)*TIME/(RHO*RG)
C EQNl = g(XG)
C EQN2 = p (XG)
C EQN3 = LAST TERM OF THE TSTAR EQUATION FOR XG 
EQN1=1.ODO-(1 .ODO-XG)**(1.0D0/3. ODO)
EQN2=1. 0D0-3. ODO*(1.ODO-XG)**(2.0D0/3. ODO)+2.ODO*(1 .ODO-XG)
EQN3=(0.2lD0*XG-0.3lD0*XG**2)* (1 .0D0+PHI2)*EXP(-0 .9D0*
1 (LOG( (PHI2**(1.OdO/2. OdO)) /1.08D0))**2)
C
C FUN = VALUE OF FUNCTION AT XGUESS
C
FUN=EQNl+EQN2 *PHIG+PHI2 *(EQN2+2. ODO*XG/SHERW)+EQN3-TSTAR
C
C CALCULATE DERIVATE OF FUNCTION W.R.T. XG
C
DEQN1 = (1 .ODO-XG)**(-2 .0D0/3.ODO)/3.ODO
DEQN2 = 2 .ODO*(1-XG)**(-1.0D0/3.ODO)-2 .ODO
DEQN3 = (0.21D0-0. 62D0*XG)* (1 .0D0+PHI2)*EXP(-0 .9D0*
1 (LOG( (PHI2**(1.OdO/2.OdO)) /1.08D0))**2)
C
C DFUN IS VALUE OF DERIVATIVE AT XGUESS
C
DFUN1 = DEQN1+PHI2*(DEQN2+2.ODO/SHERW)+PHIG*DEQN2+DEQN3
C
C Analytical calculation of dXgl/dt 
C
C DXGDTl= ((B1*KS1*CIN2)/ (RHO*RG)) /DFUN
10 RETURN
END
SUBROUTINE GRAIN2 (XLAST2, FUN, DFUN2, RP, J2, TIME, DGAS, KG, I,
1 RG, RHO, B2, ETAP, CNACL, NCNA, CHCLIN, NCHCL, KE2, KS2,
2 DE2, CIN2) 
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
c
C GRAIN2: PROVIDES VALUE AND DERIVATIVE OF MODEL
C EQUATION AT XGUESS FOR REACTION 2
C
C PELLET-GRAIN MODEL / SZEKELY APPROXIMATION 
C
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 
IMPLICIT DOUBLE PRECISION (A-H,0-Z)
INTRINSIC ABS,EXP,LOG 
INTEGER J2,NTANKS,I 
PARAMETER(ntanks=2 0)
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DIMENSION NCNA(NTANKS), NCHCL(NTANKS), XLAST2(NTANKS),
1 CIN2(NTANKS)
REAL*8 XGUESS, FUN, DFUN2, XG, PHI2, SHERW, PHIG, DGAS, KG, EQN1,
1 EQN2, EQN3, DEQN1, DEQN2, DEQN3, NCNA, TSTAR, TIME, CIN2, RP,
2 RG, RHO, B2, ETAP, CNACL, CHCLIN, NCHCL, KE2, KS2, DE2, XLAST2 
REAL*8 TEMPERATURE, PRESSURE, VISC, DENS, WU, TEM, DM,
1 REYNOLDS, SCHMIDT, VEL, DIA, SHERWM
common /tempre/ temperature, pressure, v ise, dens, wu, tern, dm,
1 reynolds, schmidt,vel, dia, sherwm :
XGUESS=XLAST2(I)
XG=XGUESS
C
C REACTION RATE EXPRESSION FOR A 1ST ORDER REACTION
C AT EQUILIBRIUM : KE = KC * CH2OA0.5 = CHCL/CNACL => CNACL = CHCL/KE 
C CIN2 = CNA - CHCL/KE = PRESENT GAS NA CONC IN THE TANK
C
C Normalised Expression of concentration driving force 
C
CIN2(I )=CNACL*(NCNA(I ) -NCHCL(I )* (CHCLIN/CNACL)/KE2)
ccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
c
C Calculation of modified Sherwood number and the dimensionless groups 
sigma and
C sigmag for Szekely approximation 
C
cccccccccccccccccccccccccccccccccccccccccccccccccccccccc
PHI2=RP**2*(1 .ODO-ETAP)*KS2/(6 .0D0*DGAS*RG)*(1 .0D0+1. 0D0/KE2) 
sigma value
SHERW=KG*RP/DGAS ! modified Sherwood number
PHIG=KS2*RG/(6 .0D0*DE2)* (1 .0D0 + 1. ODO/KE2) ! sigmag value
C WRITE(1 ,1( ’ 'GRAIN2 HERE! ' ' /
C l  '' PHI2 = ' ' ,E12.4/
C 2 '' SHERW = ' ' , E12.4/
C 3 '' PHIG = ' ' , E12.4 ) 1) PHI2,SHERW,PHIG
TSTAR=B2*KS2*CIN2(I)*TIME/(RHO*RG)
C EQNl = g (XG)
C EQN2 = p (XG)
C EQN3 = LAST TERM OF THE TSTAR EQUATION FOR XG 
EQN1=1.ODO-(1.0D0-XG)**(1.ODO/3. ODO)
EQN2=1.0D0-3. ODO*(1 .ODO-XG)**(2.ODO/3. ODO)+2.ODO*(1.0D0-XG)
EQN3=(0.2lD0*XG-0.31D0*XG**2)* (1 .0D0+PHI2) *EXP(-0 .9D0*
1 (LOG( (PHI2**(1 .OdO/2 .OdO)) / I . 08D0))**2)
C
C FUN = VALUE OF FUNCTION AT XGUESS
C
FUN=EQNl+EQN2 *PHIG+PHI2 * (EQN2 + 2 . ODO*XG/SHERW)+EQN3-TSTAR
C CALCULATE DERIVATE OF FUNCTION W.R.T. XG
C
DEQN1 = (1 .ODO-XG)**(-2 .ODO/3.ODO)/3.ODO
DEQN2 = 2 .ODO*(1-XG)**(-1 .ODO/3. ODO)-2 .ODO
DEQN3 = (0 .21D0-0. 62D0*XG)*(1 .0D0+PHI2)*EXP(-0 .9D0*
1 (LOG( (PHI2**(1 .OdO/2. OdO)) /1.08D0))**2)
C
C DFUN IS VALUE OF DERIVATIVE AT XGUESS
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DFUN2 = DEQN1+PHI2*(DEQN2+2. ODO/SHERW)+ PHIG * DEQN2 +DEQN3
C
C Analytical evaluation of dXg2/dt 
C
C DXGDT2= ( (332 *KS2 *CIN2 ) / (RHO*RG) ) /DFUN
10 RETURN
END
c
A.VIII.3 gPROM S ALK ALI FIXED BED SORPTIO N PROGRAM
#######################################################################
#
# Convective Mass Balance in a Bed Section
# Szekely approximation for the Pellet-Grain model
# Two-Reaction Mechanism
# With check on overall material
#
#######################################################################
DECLARE
TYPE
gas_conc = 0: -0 .1 e-l : 10.0 
conversion = 0: -2e-l : 1.00051
# MASS_Na = 0 : -l.OelO : l.OelO
END
#######################################################################
UNIT = "moles/cm3" 
unit = 'g'
MODEL bed
PARAMETER
u AS REAL # superficial ve locity
eb AS REAL # inter-particle voidage
ep AS REAL # inter-grain particle  voidage
ps AS REAL # solid  density
w AS REAL # solid  bulk density
L AS REAL # length of the bed
ntanks AS INTEGER # number of tanks
dz AS REAL # tank length
Area AS REAL # XSA of the bed
ncomp AS INTEGER # no. of components
kg AS REAL # gas film mass transfer coeffiecient
Rp AS REAL # p ellet radius
ksl AS REAL # reaction-rate constant
ks2 AS REAL # reaction-rate constant
Kel AS REAL # equilibrium group
Ke2 AS REAL # equilibrium group
rg AS REAL # grain radius
cap2 AS REAL # FE Na sorption capacity
capl AS REAL # FE Na sorption capacity
Dp AS REAL # intra-pellet diffusion coefficien t
Del AS REAL # intra-grain diffusion coefficien t
De2 AS REAL # intra-grain diffusion coefficien t
bl AS REAL # stoichiometric coefficien t for Szekeley
b2 AS REAL # stoichiometric coefficien t
Nsh AS REAL # modified Sherwood number
sigmal AS REAL # dummy
sigmagl AS REAL # dummy
sigma2 AS REAL # dummy
sigmag2 AS REAL # dummy
a AS ARRAY(ncomp) OF REAL # stoichiometric coefficients
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Cfeed AS ARRAY (ncomp) OF REAL # feed concentrations [moles/cm3]
Dax AS ARRAY(ncomp) OF REAL # axial dispersion coefficients
VARIABLE
C AS ARRAY(ncomp ntanks) OF gas_conc
XG AS ARRAY(ntanks) OF conversion
XGG AS ARRAY(ntanks) OF conversion
# gNa_in AS mass_Na # sodium entering the bed
# gNa_out AS mass_Na # leaving
# gNa_bed_g AS mass_Na # stored within the bed (g)
# gNa_bed__s AS mass_Na # stored within the bed (s)
# gNa_err AS mass_Na # mass balance error
SET
u = 10.0 ; # superficial velocity  [cm/s]
eb = 0.35 ; # inter-particle voidage
ep = 0.2 ; # inter-grain particle voidage
ps = 4 .12e-3 ; # solid  density [moles/cm3]
L = 1.5 ; # length of the bed [cm]
ntanks := 20 ; # number of tanks
dz : = L/ntanks ; #Area = 4.911 ; # XSA of the bed [cmA2] (2.5cm diameter)
kg = 50.26 r # gas film mass transfer coefficientRp = 0.55/20 . 0 ; # p e lle t radius [cm]
ksl = 10.0e-3 # reaction-rate constant [cm/s]
ks2 = 0.7 #
Kel = 76.0 # equilibrium group
Ke2 = 5000.0 #
rg : = 20.Oe-4 # grain radius [cm]
cap2 .= 0.047 ; # FE capacity for 2nd reaction
# capl := (12.6/(100.0-12.6))-cap2 ; # for JMc
# capl := (14.61/100)-cap2 ? #
capl •= 0.099 #
Dp := 0.25 ; # in tra-pellet diffusion coefficient
Del := 10.Oe-2 #
De2 := 2 .Oe-5 # intra-grain diffusion coefficient
ncomp := 3 # l=NaCl, 2=H20, 3=HC1
bl : = 1.0 # stoichiometric coefficient
b2 : = 1.0 #
NSh := kg*Rp/Dp # modified Sherwood number
# NSh := 5.9815 ? #
sigmal := RpA2 .0*(1.0-ep)*ksl/(6 .0*Dp*rg)*(1.0+1.0/Kel) ;
# sigmaA2 analogous to Thiele modulus 
sigmagl := ksl*rg*(1.0 + 1 .0/Kel) / ( 6 .0*Del) ; 
sigma2 := RpA2.0*(1.0-ep)*ks2/(6 .0*Dp*rg)*(1.0+1.0/Ke2)
# sigmaA2 analogous to Thiele modulus 
sigmag2 := ks2*rg*(1.0+1.0/Ke2) / ( 6 .0*De2) ;
# sigmal := 0.2777e-4
# sigmagl := 0.3377e-6
# sigma2 := 0.1919
# sigmag2 := 11.67
# w := (1. 0-eb)*(1.0-ep)*ps*332.9 ; # so lid  bulk density [g/cm3]
w := 0.7459 ; #
a := [1 .0 ,0 ,-1 .0] ; #
Cfeed := [2.8676-11,0,2.0856-9] ; # feed concentrations [moles/cm3]
Dax := [1.26,2.08,1.68] ; # axial dispersion coefficients
# Dax := [1.26,0.0001,0.0001]
BOUNDARY
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FOR i  := 1 TO ncomp DO
D ax(i)/dz*(C (i,2)-C (i,l))=u/eb*(C(i , 1)-Cfeed(i ) )+dz* $C(i , 1) + 
dz*w/eb*a(i)* (capl/23.0 )*$XG{1)+ 
dz*w/eb*a(i)*(cap2/23.0 )*$XGG{1) ;
Dax(i)/dz*(C(i,20)-C (i,19))+u/eb*(C(i,20)-C (i,19))+dz*$C(i,20)+ 
dz*w/eb*a(i)* (capl/23.0 )*$XG(20)+ 
dz*w/eb*a(i)*(cap2/23.0 )*$XGG(20)=0 ;
END # for i
EQUATION
FOR J := 1 TO ntanks DO 
# Szekely approximation
bl*ksl/(ps*rg)*time*(C(l, J )-0(3 ,J)/Kel) =
1.0-{1.0-XG(J))A( l . 0/3.0)+
sigmagl*(1.0-3.0*(1.0-XG(J))A(2.0/3.0)+2.0*(l.0-XG (J )))+ sigmal* 
(1.0-3.0*(1.0-XG(J))A(2.0/3.0)+2.0*(l. 0-XG(J ))+2.0*XG(J)/NSh) + 
(0.21*XG(J)-0.31*XG(J)A2 .0)* (1 .0+sigmal) * 
exp(-0.9*(log(sigmalA(1 .0 /2 .0 )/1 . 08) ) A2 . 0) ;
b2*ks2/(ps*rg)*time*(C(1,J)-C(3,J)/Ke2) =
1 .0 -(1 .0-XGG(J ))A(1.0/3.0)+
sigmag2*(1.0-3.0*(1.0-XGG(J ))A(2.0/3.0)+2.0*(1.0-XGG (J)))+ sigma2* 
(1.0-3.0*(1.0-XGG(J))A(2.0/3.0)+2.0*(l.0-XGG(J ))+2.Q*XGG(J)/NSh)+
(0.21*XGG(J)-0 .31*XGG(J )A2.0 )* (1 .0+sigma2)* 
exp(-0.9*(log(sigma2A(1 .0 /2 .0 )/ l . 08))A2.0) ;
END # for J
FOR J := 2 TO (ntanks-1) DO # 0[+ to avoid conflict with the BC
FOR i  := 1 TO ncomp DO
# convective material balance with axial dispersion
D ax(i)/dz*(C (i,(J+1))+C (i,(J-l))-2.0*C (i,J))= 
u /eb*(C (i,J )-C (i,(J -l)) )+dz*$C(i ,J)+
dz*a(i)*w/eb*(capl/23.0 )*$XG(J)+dz*a(i)*w/eb*(cap2/23.0 )*$XGG(J)
END # for i 
END # for j
# Finally, the overall material balance.
# Ignore gas phase Na inside p ellets - just gas outside, and solid
# assume 3.663g clean sorbent per axial cm of bed
# $gNa_in = Cfeed(l) * u * Area * 23.0
# $gNa_out = C(l,ntanks) * u * Area * 23.0
# gNa_bed_g = INTEGRAL( z := 0 : L‘
# gNa_bed_s = INTEGRAL( z := 0 : L
C(1 ,z )*eb*Area*23.0 )
(XG(z) *capl + XGG(z)*cap2)*3.663 )
# gNa_err = gNa_in - gNa_out - gNa_bed_s - gNa_bed_g ;
END # for model
####################################################################### 
PROCESS novl3u 
UNIT plant AS bed 
MONITOR
plant.XG(1); plant.XG(2); plant.XG(3); plant.XG(4); plant.XG(5); 
plant.XG(6); plant.XG(7); plant.XG(8); plant.XG(9); plant.XG(10); 
plant.XG{11); plant.XG(12); plant.XG(13); plant.XG(14); plant.XG(15);
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plant.XG(16); plant.XG{17); plant.XG(18); Plant.XG(19); plant.XG(20);
plant.XGG(1); plant.XGG(2); plant.XGG(3); p lant.XGG(4); plant.XGG(5) ; 
plant.XGG(6); plant.XGG(7); plant.XGG(8); p lant.XGG(9); plant.XGG(10); 
plant.XGG(11); plant.XGG(12); plant.XGG(13); plant.XGG(14); plant.XGG(15) 
plant.XGG(16); plant.XGG(17); plant.XGG(18); Plant.XGG(19); plant.XGG(20)
# plant.gNa_in; plant.gNa_out; plant.gNa_bed_g;plant.gNa_bed_s; 
plant.gNa_err;
INITIAL
WITHIN plant DO 
FOR i  := 1 TO ncomp DO 
FOR J := 1 TO ntanks DO 
C(i,J) =0 . 0  
END # for J 
END # for i
FOR J := 1 TO ntanks DO
XG(J) = 0.0 ; XGG(J) =0 . 0  
END # for J
# gNa_in = 0.0 ; # no sodium has been in or out at t = 0
# gNa_out = 0.0 ;
END # for WITHIN 
SCHEDULE
# CONTINUE FOR 2160000 # i .e .  600hr in seconds 
CONTINUE FOR 2160000
END # PROCESS
O F  f-V  vy . .
A.VIII.20
